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Preface

Heading Chinese cabbage (Brassica campestris subsp. pekinensis) is traditionally a crop
of the temperate zones where it grows well under cool, dry climate. It is most popular in temperate
East Asia where it ranks as one of the most important vegetables. In the tropics the preduction
of heading Chinese cabbage is confined mainly to the highland arcas. When geewnin the lowland
tropics, this vegetable fails to form marketabl: heads and casily succumbs to several debilitating
diseases.

The successful growing of heading Chinese cabbage in the hot, humid tropics was not feasible
until the advent of the heat-tolerant, tropically-adapted cultivars, These improved varieties resulted
from the painstaking crop improvement rescarch which commenced in 1972 at the Asjan Vegetable
Research and Development Center tAVRDC). In 1980 AVRDC cosponsored the First Interna-
tional Symposium on Chinese Cabbage i Tsukuba, Japan, in part to herald the new herizon
for this vegetable in the tropies. At that time the issue of genetically adopting the heading Chinese
cabbage to high temperatere conditions was no longer moot - AVRDC research had established
this unequivocally.

Further development of improved technoiogy beyond the laboratories and experimental fields
of AVRDC has been, and still is, the legitimate concern of the national programs. The testing
and adoption of AVRDCs new Chinese cabouge cultivars specifically bred for the tropics was
no exception. In order to help the national programs to achieve this, AVRDC intensified the
distribution of sample seeds of its improved cultivars in the years following the Tsukuba
symposium. Exhaustive tests by national program scientists and by other interested parties amplv
demonstraied the feasibility of growing heading Chinese cabbage in the hot, humid tropics. Some
national programs in the tropical region have offictally released the improved genetic materials
to their vegetable turmers: in others, performance of the new cultivars warranted their commercial
release if not for the problem of inadequate seed supply that many national program authorities
anticipated and were correctly apprehensive about.

The seed production dilemma in the tropics is not one without a technological solution,
however. While Chinese cabbage is Targely “temperate” moits requirements for flowering and
sced production. the tropically adapted cultivars do not require very low temperatures for
flowering induction. Successtul seed production of these cultivars has been demonstrated in the
highlands of the Philippines and Indonesia. Indeed, itis not farfetched to expect that other tropical
countries interested in developing their own sced production program for the tropical cultivais
could very castly do so given the following: availability of relatively cool, dry highland climate;
trained and skilled cadre of seed production speciabists: and, appropriate technology for seed
production.

AVRDC has been actively assisting some interested national programs in developing their
own Chinese cabbage seed production capabilities. Already, a few specialists from these national
programs have completed the rescacch internship training at AVRDC on Chinese cabbage seed
production, with special emphasis on the multiplication of Hybrid No. 62, the most widely adapted
of the new cultivars.

The present bulletin was prepared as part of AVRDC's continuing commitment to technology
transfer to the national programs. It is intended mainly to provide the seed production specialists
in the national programs with the fundamental guidelines for producing Chinese cabbage seeds
in the tropics. We fecl strongly that a good working knowledge of plant breeding it essential
for a better understanding of the general seed production principles and practices for any crop.
In this bulletin, therefore, we have also aimed at i'nparting the basie principles which underlic
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the breeding of a cross: pollinated crop ke Chinese cabbage: more spectlically s improyvement
for tolerance 10 the major siresses of the hunnd tropies wiss an amporteat consrderation i this
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bullenn Clhimese cabbage i the tropie and subtropros  This s aovery iy ared as Lar s
ntormation s concernad . By documenting the cuperiences and the resulis ol research at AVRDC
ke the Chinese cabbage aoveniable topical cropowe are optimstic that we are sharing
acusetul body ot knowdedee that others could benehit tron.

Phas bulletn v the culimmation o over a devade Tony research endeavor by all AVRDO
sarentists o hring the Chinese cabbase waithin reach o tropreal vegetable farmers, This
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Chinese cabbage) was cultivated only in south China, at least for 1,600 years. The loose-leaved
heading Chinese cabbage (B. campestris subsp. pekinensis) was first illustrated in the 10th century
A.D., and a clear illustration of the heading shape of Chinese cabbage ‘with wrapping leaves
was first recorded in 1330 (Jiang 1981, Li 1981). Much of the evolution of h *ading Chinese
cabbage took place in China from about 600 years ago. Li (1981) suggested that B. campestris
subsp. pekinensis might have originated in central China where subsp. rapa and subsp. chinensis
were commonly grown together and had ample opportunity to interbreed.

The first record of Chinese cabbage in Korea dates back to the 13th century. However,
heading Chinese cabbage did not become one of Korea’s most important vegetables untii the
19th century (Pyo 1981). B. campestris subsp. pekinensis was first introduced into Japan from
China in 1866. It was not until 1920 that the stage was set for cultivar development of Chinese
cabbage in Japan (Watanabe [981).

Nonheading B. campestris subsp. chinensiy was introduced to the Strait of Malacea in the
15th century. Recently. it has become popular in Malaysia, Indoncsia, and western India. On
the other hand, heading B. campestris subsp. pekinensis is a late introduction 1o Southeast Asia.
Itis grown mostly during the cool. dry season in the subtropica! lowlands or throughout the
year in the tropical highland arcas. With the recent development of heat-iolerant varicties,
production of this crop has become tfeasible in the tropical lowland arcas,

The cultivation and peculiarities of 8. campesiris subsp. pekinensis were deseribed in France
as long ago as 1840 by Pepin, who said that, “while the plant had been known i the hotapica!
gardens tor 20 years, it was breught to notice as a culinary vegetzble onlv three years before”
(Bailey 1928). It was first introduced to England in 1887 In the USA i hewan 1o atiract attention
about 1883, and was first grown by L. H. Bailey in 1893 using a seed from Kew, England.

I recent years B. campesiriy subsp. pekinensiv and subsp. chinensis have spread widely
outside Asia, mainiy through oriental immigration to westerr nations, Chinese cabbage is gzining
more popularity amon: dic non-arientad people especially in North Aniericicand western Europe.
[tis now becoming firmly established as i vepetable crop in many parts of the temperate region,

Biosystematic Relationship among the Brassica Species

The genus Brassica is comprised of several ecconomically important species which yield
edible roots, stemis eaves. buds. Howers and seeds: some are used as forage and oil seed crops.
The taxonomy ot the Brassica is complicated. This genus iy comprised of six species: three
are considered basic species and the restare amphidiploid forms (Fig. 1), The three elementary
species. their chromosome numbers, and genomic nomenclatares are: B nigra Koch (black
mustard, n == 8, genome B B oleracea 1o geole vrops. n - 90 eenome Q) and B campesiris
L. (turnip and Chinese cabbage group.n = 10, venome Ay The amphidiploids are: B, carinata
Braun (Ethiopiar mustard, no= 17, genome BV B napus 1 (swedes, rape, rutabagas, no=
19, genome ACY, and B, juncea (I Crern, (brown mustard, noo 18, cenome AB). Evidently.
they originated in nature from crosses between the clementary species. Among those with 9.
10 and 18 chromosomes. there are nuny subspecies, botanicul varizties or groups (Table 2).
Those with 10 or 18 chromosomes, wlong with faphenus sativis . (radish, n = 9, genome
R), are the forms that are extensively grown in Asia. There is o wide differentiation of varieties
(Nishi 1980,

The headmg Chinese cabbage, often referred to simply as 8. pekmensis, actually belongs
to the basic B. campestris species. A more appropriate atin name for heading Chinese cabbage
18 B. campestris subsp. pekinensis. The 10-chromosome group (B. camypestrisy includes the urnip
rz001), oil seed rape, and the Chinese cabbages (Color plate A, p. 42). Much has been written
about the systematic position of these plants (Cao and Li 1982, Fee 1982, Lin 1980, Nishi J€30,
Vaughan 1977). Generally, B campestris could be subdivided into several subspecies. Some
of the major ones are described below,

Brassica campestris subsp. campestris. This subspecies is considered the most primitive
among the leafy vegetabie forms of B. campestris. Its flowering stalks and rosette leaves are


http:B,-1vi.Co

Taxonomy and Relationship among the Brassica Species 3

Table 2. Common vegetables and some related varietal or subspecific taxa of the genus Brassica.

Brassica sp. (n) Subsp. or var. Common name
campestris (10) subsp. chinensis pak choi
subsp. narinosa broad beaked mustard
subsp. nipposinica
subsp. oleifera turnip rape
subsp. parachinensis choy sum
subsp. pekinensis Chineze cabbage
subsp. perviridis mustard spinach, tendergreen
subsp. rapifera or rapa turnip
subsp trilocularis sarson

subsp. utilis

juncea (18) var. capitata head mustard
var. crispifolia cut leal mustard
var. faciliflora broccoli mustard
var. lapitata large petiole mustard
var. multiceps multishoot mustard
var. oleifera oii seed mustard
var. rapifera root mustard
var. rugosa leaf mustard
var. spicea mustard
var. tsa-tsai big stem mustard

oleracea (9) var. acephala kales
var. alboglabra Chinese kaiz, fanaan
var. botrytis cauliflower, heading broccoli
var capitate cabbage
var. costata Portuguese cabbage
var. gemmifero brussel sprouts
var. gongylodes kohl rabi
var. italica broccoli, calabrese
var. medullosa marrow stem kale
var. palmifolia kale, Jersey kale
var. ramosa thousand-head kale
var. sabauna savoy caboage
var. sabellica collards
var. selensia borecole

Sources: Anonymous 1985; Terrell et al. 1986,

edible. This subspecies is not far evolved from the oil seed rapes of China which are supposed
10 be the common progenitor of all the leaty vegetables of B. campesiris (except subsp. japonica
which may have had a history of introgression from mustard — B. juncea). I India B, campestris
and its derivatve (commonly called “sarson™) are grown as an oil seed crop.

Brassica campestris subsp. chinensis. This subspecies is commonly referred o also as
Chinese cabbuge. This group is made up mainly of nonheading types. Where heading Chinese
cabbage cannot be grown owing to unsuitable environment for head formation, the nonheading
types are often populer. There are several recognized types: narrow petioles with round cross
section vs. wide petivles with flat cross section, white vs. green petioles, variation in size, foliage
color, etc. Varictal differentiation in this subspecies has been remarkably more pronounced thaz
in any other leafy vegetables of the genus Brassica.

Brassica campestris subsp. japonica. This subspecies is one of the unique vegetables of
Japan. This subspecics is typically characterized by an excess of basal branches and leaves.
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8. juncea B. campetris B. napus

B. nigra B. oleraceo

Figure |.

Genomic relationship of Brassica
taxa based on chromosome num-
bers. (Species with single circles
are monogenomic, while those
with double circles are amphidi-
ploids).

B. carinuta

Two types are distinguished: *Mizuna’, with deeply dissected, bipinnate leaves and ‘Mibuaa’,
with slender entire Jeaves. The formi*ion of subsp. juponica is thought to have involved some
introgression from the nmstard group. £. juncea (Matsumura 1954). This vegetable resembles
B. juncea in petiole and silique conformation, and seed size: the flower stalks of both are not
enclosed by leaves.

Brassica campestris ssp. narinosa. This subspe.ies is commonly known as Chinese flat
cabbage. The plant is generally low, compact and steut, prodecing clusters of thick, often wrinkled
leaves with broad, white petioles. This subspecies is well known for its cold tolerance. The
crisp leaves and thick petioles are excellent for preparation as 4 boiled vegetable.

Brassica campestris subsp. oleifera. This subspecies is an oil-yiclding crop. The plaats
have many branches. with exceedingly well-developed siliques and seeds.

Brassica campestris subsp. parachinensis. This subspecics is referred to as tlowering
Chinese cabbage and considered a derivative of subsp. chinensis because of similarities in petiole
morphology. However, subsp. parachinensis readily bolts and branches profusely from the leaf
axils. The flowering stalks constitute the main edible portion,

Brassica cainpestris subsp. pekinensis. This subspecics comprises mainly heading types
of Chinese cabbage. Heads are marketable parts: they vary in degree of compactness and may be
divided into loose. semiheading. and completely heading types. Further variation in head shape
can be noted, ¢.g. long, short, tapered, round or flat top, wrapped-over or joimed-up leaves, cte.

Brassica campestris subsp. rapa or raplfera.  This subspecies is commonly called wrnip.
This group is cultivated either as a vegetable or fodder. They grow best in a cool climate and
many diverse ecotypes oceur, especially in Japan which is considered one of the major renters
of varictal developmert (Nighi 1980). Since the cultivation and utilization of turnips often overlap
with radishes, the greater productivity of the latter reduces the relative importance of turnips.
Classification of world turnips into different types have been proposed by several workers (Nishi
1980, Sinskaja 1928, Vaughan 1977). Generally, Asian types can be distinguished from European
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types because leaves of the former tend to be entire and glabrous. The well-developed tap root,
the edible part of Asian cultivars, indicates the great improvements made during its history of
cultivation.

Evolution and Variation in Chinese Cabbage

Although B. campestriy originated in the Mediterrancan arca and was only introduced to
Asia through northern Europe, the most significant changes in form, structure, and productivity
in this species have occurred in eastern Asia through artificial albeit perhaps unconscious, selection
by growers. As noted carlicr. there are two main greups of Chinese cabbage: heading group
or Pe-tsai (8. campestris subsp. pekinensis), and the nonheading group or Pak-choi or Bok-
choy (B. campesiris subsp. chinensis). Fhe nmmes Pe-tsai and Pak-choi (Bok-choy) both mean
‘white vegetable™ in Chinese Finguages: Pe-tsai is the Beijing (Peking) or Mandarin dialect, while
Pak-choi (Bok-cheyy is the Caatonese dizdect. Choi-sum, which means “vegetable heart™ in the
Cantonese dialect, 1s a flowering Chinese cabbage (8. campestris subsp. parachinensis). Many
other synonyms and spellings exist for these groups of Chinese cabbage in Chinese languages
(Table 3). For formal differentiation, Chinese cabbage is reterred to s B campestris subsp.
pekinensis i this bulletin,

Table 3. Various vernacular names and spelings of Chinese cabbages in two Chinese dialects.
8 5

Heipng or Peking’

Subspie ctes Ciitonese N . L
Pinvin Wade-Giles
subsp. pak-chor, bok choyo pak- viao-barecar esmall white pe (or pan-tsai (white veg.),
chinensis 1501, paak-tsoi, or baak- veg ), bar-car (white vegl),  huiro (or ) pe-tsai (small
cho. (white veg) ping-cai (green veg.; white vey
subsp. choi-sum or tsoi-sum (veg.  cu-xin (veg heart), ci- tsai-hsin (or sim) (veg. heart),
parachinensis  heart), paak tsor sum L (veg. brassica), ca-gian tsai-tar (veg. brassica)
(white vey. heart) (veg. tip)
subsp. wong-nga-pak 1ycllow da-bai-car (big white veg.),  chiehi-chiu-pe-tsar (heading
pekinensis sprouted white), shu-tso jic-fiu-bai-cai (heading white  white veg.), pau-hsin (or sin)
(shu ves ), wong-bok veg.) -pai-tsai fwrapped heart
(yellow white) white veg.), ta-pe (or pai)-

tsai (big white veg.)

: . -~ .
The Beying or Pelang dialect woan aificial language m China and Taiwan, Pinyin romanization s used n China and Wade-
Gies romamzation in Tawan, respectively

Heading Chinese cabbage is behieved to have, as its primitive fornn, a loose-leaved (or
nonheading) type from which progressively compact heid tvpes further evolved. Li (1981)
hypothesized that the elementary cultivated torm, a loose-leaved variety which he calied var.
dissoluta. was probably produced through the maral hyvbridization between Pak-choi (8.
campestris subsp. chinensis) and another subspecies of 8. campesiris. the wrnip (8. campestris
subsp. sapiferay. This hybrid evotved successively into o emiheading varicty, then o a fluffy-
topped heading variety and finally into the complerely heading type. In Japun the completely
heading sorts hav e further differentiated inte various types mainly through breeders” intervention
(Watanabe 1981).

According to the shape. sizeand organization of the head, there are three principal patterns
belonging to tnree varieties as deseribed below (Tsen and Lee 1942, Lee 1984, Li 1981).
Numerous varicties have been further developed from these three varicties (Fig. 2).
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Figure 2.

The evolution of Chinese cabbage
{Brassica campestris subsp. pekinensis): (a.)
var. dissoluta; (b.) var. infarcta; i) var.
laxa; (d.) var. cephalata, Dy. f. ovata,
Da. t. depressa, Dj. f. cylindrica, CDy.
var. laxa x{. ovata, CDj. var. laxa xf.
cylindrica, D1D7. f. ovata xf. depressa,
DiDs. f. ovata xf. cylindrica, D7Dj3. f.
depressa xf. cylind-ica {(from Li 1981).

Brassica campestris var. cephalata. This varicty is the most common pattern of heading
Chinese cabbage. The large compact heads may be ovate or obovate in shape. The head leaves
curve inward and overlap at the top. Head shape can be classified into round, ovoid, and flattencd
types.

Brassica campestris var. cylindrica. This varicty forms a compact head which is erect
and elongated in shape. and with or without heading leaves over the top. The heads are more
or less pointed at the top and spirally wrapped.

Brassica campestris var. laxa. This varicty forms a loose, open head, known as ‘flowery
hearted type™. The tip and the upper margins of the head head leaves may be erect or curled
outward, and ure yellow or yellow-white in color.

In addition to the variation in head type, the subsp. pekinensis shows tremendous differences
in other important traits such as maturiy, head weight, head compactness., leafl rumber, and
leaf color (Lee 1984, Watanabe 1981). The period from sowing to head maturity of heading
Chinese cabbage can range from 55 to over 110 days under favorable conditions depending upon
the genotype; within this range varicties can be divided into different maturity groups. Plant
weight, excluding the root part, can be as lighy as a few hundred grams in some varieties, and
as heavy as 10 kg or over at the other extreme. Leaf number may be as few as 26 and as numerous
as 150. A considerable variation with respect to bolting and head formation has also been
recognized in response to temperatare. The available variations in the above attributes are essential
to the genetic improvement of heading Chinese cabbage.



Ceneral Botany and Reproductive Biology

Development and Growth Stages

Chinese cabbuge plants pass through vartous growth | hases or stages in their development.
The growth stages are anong the most important variables inw.sessing varictal characteristics,
maturity, yield potential. the impact of discase or insect damage, seed-production potential, cic.
In designing useful growth stages. the deseription of the various phases must correspond to clearly
recognizable features of ihe species (Fig. 3). The following stages. although not formally
recognized. are frequently used to deseribe the various eprowth phases of Chinese cabbage. The
actual time it takes w o develop from one stage to another depends on variety, weather, and

management pl'ilC[iL‘L’.\\

Figure 3. Growth stayes of Chinese cabbage for crop and seed production purposes:
(1) emergence stage; (?) seedling stage; (3) heading stage; (4) harvesting
stage: (5) flowering stage; and (6) silique and seed stage.

Emergence stage. Germination of seeds requires water, oxy gen, and suitable temperatur s,
Once Chinese cabbage seeds absorb water up tow 404 10 504 moisture content, they germinate
rapidly. The radicle first cmerges out of the seed. usualiy about 24 hours after the seed has
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tuken in waler under optimury temperatures. After the young root has grown 2-3 cm into the
soil, the seedling begins to grow upward. The hypocotyi emerges frst at the soil surface, and
the two cotyledons unfold at the top of the hypocotyl, and then part and extend. In optimum
environment, Chinese cabbage seedlings take three to four days to emerge above the soil.

Seedling stage. The first two true leaves develop between the fully extended cotyledons,
and the plant begins to carry out photosynthesis. Later, many icaves are formed at the growing
point without much ircrement in height. There are normadly five leaves in two whorls umong
carly-maturing varieties, and cightleaves in three whords among late-maturing ones. Transplants
are usually sct out o the freld at this sage.

Rosette stage. 'The first two or three whorls of the leaves are fully expanded into rosette,
nonheading leaves i more or fess horizontal pesition and close to the soil surface. New leaves
are continnally rormed at the growing point. The inner leaves stai? 1o grow more uprignt, usually
under shaded conditions. atter new whorls of leaves bave grown,

Heading stage. The crop assumes tts marketable shape it this stage. Heading begins at about
the 12th to 13th Teal sage Tor carly-raturing varietios or the 2-4th o 25t leal stage for Jate-
maturing ones when the younygests mnermost leaves start to incurve and touch at their tips. As
new leaves form and expand around the vertical central axis of the plant. their margins become
temporartly entrapped apainst the vpright leaves. In the carly stages of hewd formation, these
emporarily entrapped leaves finatly unfold, become uprights and roll outward to develop into
the outer head leaves. Asmore leaves are produced intthe center, they become increasingly
cotrapped untit they remain folded in the center 1o form the compact mature head. There is
a limited increase incheight ot this stage, bat the plant assuies its characteristic heading shape.
The young head grows fast wnd increases i stze until the maximum size and firmness have
been reached, and it s ready tor harvesi

Flowering stage. Illower initiation takes place cither before or after Leading depending upon
the temperature and:or photoperiod during the growth period. The stem normally elongates
(bolts) as the flower buds initiate and develop.

Silique and seed stage. Aficr fertilization, the endosperm and the siliques containing 10-25
seeds develop rapidly and reach their full length and diameter within three to four weeks. The
fully developed siliques require about two weeks to mature.

Morphological Features

Root.  Chinese cabbage is characterized Ly a very extensive, fibrous, finely branched root
system. As the true leaves continue to grow, the taproot grows deep into the soil and the first
lateral roots formy. The primary taproot is usually no more prominent in the carly stage than
the other major laterals which arise in great numbers from the base of the enlarged underground
part. At first, nearly the entire root system consists of widely spreading branches in the surface
soil. These run obliquely downward, with the vertically descending laterals thoroughly occupying
the deeper soil zone. The root system is extremely fine and fragile; most roots attain a thickness
of no more than 0.5 mm. During carly growth stages, direct-seeded plants have a longer taproot
and are better anchored than transplants, whose root growth is mostly lateral becausz the taproot
ends are often damaged during transplanting. Mature vegetative plants have a working level
of 35 cm. to which depth the soil is well ramified with a profuse network of active rootlets.
More than 90% of the root system of a mature vegeat.ve plant are within a 35-cm-depth and
40-:m-diameter soil zone. When Chinese cabbage plants are uprooted and set out again, new
roots begin to grow. The root system during the reproductive stage is much more developed
than in the vegetative stage.
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bases of the short starzens and the ovary. Two other inactive nectaries are situated outside the
bases of the pairs of long stamens.

Silique.  The (ruit of Chinese cabbage is a glabrous sitique, often called a pod. 1t is about
3-5 mm wide and sometimes over 7 cm long with two rows of sceds Iving along the edges of
the thin repluni (false septam. an outgrowth of the placenta) which arove as a placental outgrowth
(Fig. 9. A silique may contain from 10 10 25 seed-. depending upon the variety. About three
to four weeks after the flower opens. the silique reaches its maxinun: length, When fully ripe
and dry. dehiscence takes place through the two valves breaking away from below upwards,
teaving the seeds attached o the placenta.

Seed. Sceds are usually globular to slightly oval in shape. about -2 mm in diameter, light
brown at first, but becoming grayish black to red-brown later. Botunicully. the seed is a nuiture
fertilized ovale. After fertilization the endosperm develops immediately, although the embryo
does not start growth for some days. The embryo is cenerally sull small even after two weeks,
but soon after it fills most ot the seed as the endosperm becomies almost completely absorbed.
The reserve tood is stored in the cotvledons which are tolded together with the radicle lying
between them (conduplicate). The seed coat consists of the derivatives of two integuments. From
outside (o the interior. the following parts can be distinguished: o thin-walled and compressed
epidermis. 4 layer of collapsed subepidermal tissue, o supponting layer of radially elongated
cells with thickened, brown-colored sidewalls, and an irregular layer of pigmented cells. The
seed coat is featureless although sometimes the radicle position is indicated by a low ridge.

Growth and Patterns of Head

The number of leaves of w fully grown Chinese cabbage plant range from 20 or more in
the carly-1:, sturing variety to 100 or more in the late-maturing one. The differentiation of leaves
is very rapid from the emergence stage io the initial heading stage (Fig. 5), and the inner leaf
differentiation usually overlaps with the head development. Head development is strongly related
with the leaf area of nonheading leaves (Kato 1981); the larger the nonheading leat are, the
bigger and more compact the head in the same genoiype. The growth of head leaves, in terms
of fresh weight, is very rapid after formation of head pusture. The arca of individual nonheading



Environmental Conditions tor Vegetative Growth and Heading 11

Leaf erection

Seedling growth
Outer leaves formation

= z
N— N—
§ ;5:»: Non-heading 8
leaf weight : -
Figure 5.
Changes in feaf number and fresh
weight during Chinese cabbage
1 2 ! plant growth.
0] 20 40 60 80

Days after Sowing

feaves iereases wth advancing leat order. whereas the aren ot individuad head feaves decreases
from the outer head leaves 1o the mnernost leaves, Head weight is pospively correlated with
the total mumber ol leaves ditterentited from the shoot apes and the growth of leaves after
mittal headimg. The Teal areaand Teat fresh weight of the head are also positively related with
the Teat arca and fear fresh werght of nonheading feines

The pattern of headmy varies greaty with defterent varictios. and can be castiy visualized
tharcross section ol a head as examined. o and Kato (1937 separated the organization er structure
ol Jeaty heads ooz chy the Seat weght” tvpesin which the heads are composed of fewer, rather
beavy leavest (2 the polyphyllous tpe. in which the heads are composed of many hight leaves:
and (3) the mtermediate tvpe.

The chasge i leat shape during the development of Chinese cabbage, expressed by the
retio ol deat length o width deat shape indexa. s usually from oval o broad round. and
successively from outer o mner leaves (Kato 19813, This usually occars in the round and flatiened
tpes but not mthe eylindrical types. where no such remarkabic change i feal shape indes
enists thee 1984 The change of feat shape seems 1o be only o morphological characteristic
and has no relation 1o head formation (lLee 19860).

Environmenta! Conditions for Vegetative Growth and Heading

Chinese cabbage grows best under cool conditions: it requires average temperatures of 22°C
for seedling emergence and formation of nonheading rosette Ieaves, and 167 to 207C for head
formation (Jiang 1981, Kato 1981y, High day and low night temperatures are tavorable for the
heading process. The temperatures at which head formation aceurs vars with varicties. The
heat-tolerant. carly-maturing varieties are able to head at mean emperatures relatively higher
than 257°C (Opena and Lo 1981).

High temperatures promote the production of mirrow leaves, reduce the leal growth, delay
the initiation ot heading, and increase petiole o blade ratio. Temperatures higher than 25°C
prevent head posture formation (Kuo and Tsay 1981), enhance tipburn which is related with
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calcium deficiency (Kuo etal. 1981b), increase respiratory loss of photosynthates and transpiration
rate, resulting in poor head growth, and favor discase developnient (Lee 1984).

Light intensity also affects lTeat growth and heading. High light itensity promotes the
development of broad Teaves and heading, whereas low light intensity encourages the growth
of narrow feaves. Reduced light intensity cayses @ downward movement of the outer heading
leaves. The head vield decreases with the light intensity Tower than 200 cal 7o’ /day. Day
length does notafrect head Tormation but may reduce the grow th rate and weight of Teaves (Kato
F981. Ootake 1079y,

Chinese cabbage thrives well inatertile. clayey Toanm soil because it requires a considerable
amount ol nutrients to sustain rapid growth inashort sme. A large amount of nitrogen s required
for the growth of the outer nonheading leaves and the difterentianon of mner head leaves. The
critical nitrogen content. below which deficieney symptoms develop. is about 1.5 2 a nitrogen
content of 2 10 377 i considered necessiry for the nermal bead development and the inner
leat differentiaton Fhe reguirement for caleium is coraparable o that for nitrogen. The function
of calcium s particulody important i the head development because the head eaves, which
embrice a growing pomt, can be seriously aftected by caleim deticieney (Hara 1982,

The actuad depthy of the root systenn is atlected by soil type. preplant cultisation, moisture
supply.method of trrigation. oxyeen supply. and adequacy of drainage. A strong 1ot system
helps ioid problens associated with drought stress fater - the season. The majority of the
root systens of most ansplants occupios 33 e o the sanl depths theretore, the op 35 cm ol
soll must be rppgated regulariy . especially dunmng the diy season. A ol of more than 25 1
of water per plant is transpired from sow g o harvesting for tropical varietios. Since more
than SO0 of the plant’s fresh wetght s witer, adeguate trrigation o namtan soil moisture level
between 63 and 83 of hiekd capacity as extremely wmportant for high vield. The water
requirenient greatly increases with advanemyg grow th stages particularly during the heading stage
(Ruo ctal, 1988 drovght stress i the heading stage presents head formation (Kuo and Tsay
198 1), Flooding and poor soil acration during the vainy scason are also detrimental to vegetative
growth and head formenon: plants usually die off within three days of flooding in the tropics
beciuse of the synergisee eiectof high wmperatures, Chinese cabbage is also sensitive to salinity
stress (Shimose and Kurosaka 19855, The threshold level of salinity stress is about 1.5 dS/m,
and ol sodinm won about 20 mieq - |1

Physiclogy of Flowering

Flesvering maiks the transition from vegetative to reproductive stages in seed plants. It is,
thus, acrcidd event i the fite eyele of plants, particularly from the standpoint of seed production.
Flowers are madified shoots produced by the modified shoot merisiems. the flower primordia.
Once ameristen Bas beer determined to be a lower primordium, itis usuatly unable to revert
o vegetative growth. The centrad problem of the physiology of flowering is to understand which
factors catse i shoot meristen to become a flower primordium, and how they consummate their
action. [0 is important 1o note that flowering of all the Brassica vegetables is associated with
“bolting”. the rapid clongation of the axis from the almost sterless whorls of leaves that is peculiar
to the vegetative stage. Bolting is an casy indicator of flowering: hewever, it may ot be equal
o flowering. There are cases of stem elongation without flowering (Suge 1983

The physiotogical control of flowering niay be exerted at any ol several fairky definitive
development stages of the plant. Environmental cues may provoke the induction of the
reproductive state e mitiation of Horal meristems, the marphological developmient of flowers.
and anthesis itself,

Reproductive development ol the Brassica plantis usually trigeered by such environmental
vartables as teniperature and photoperiod (Friend 1983): low temperature and long-day conditions
promete development of flower stulk (bolting) with or without flower formation in most species
ol Bravsica (Kagawa 1971). The reproductive stage in B, campesiriy is usually set within three
days after completon of triggering by these environmental variables (Orr 19700, Since these
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environmental variables change with season, a programming of the reproductive activitics on
a scasonal basis or climatic conditions 1n i specific location is possible for Chinese cabbage
(Matsur et al. 1981).

There s no definte sequence or relationship between head formation and floral bud
differentistion. Floral buds could ditferentiate after or before the onset of heading (Fig. 6y, This
phenonenon oceurs frequently when Chinese cabbage is grown as an autaimn crop i the emperate
texion. T Horal buds differentiate prior to heeding, loose and unmirketable heads are formed.

v U e
RN

U

Figure 6. Flowering plants after vernabzaton at heading stage (left) and sced stage (night)

Vernalization. Munyv Srassica species are mduced o ower by dow temperature. The
promotive effect of dow temperatare on flowering s termed vernalization”™. The eftects ot fow
temperature can be observed mmany sabspecies ot B campesirds omclhuding subsp. pekinetisis.
when noistened seeds o ans covung crowth stages are culledsm B0 olevacea and s relited
subspectes, the eftects can be obtaoned only when croswng plants are chilled (Ragawa 1977,
Mero and Herina [9840 Shinohaers 1929 The above species are considered as seed vernalization
and green-plant vernalization types. respectively B miera, hssitied as aowcak seed vernanzstion
type. responds readily to chiithing ae the secdhmg stages Al amphidiplowd species o Brassica,
B.onaprs . B gjuncea and B ocarmara, terd o have chilling response characterisuies that are
intermediate between dierr elementary parent speaies CAmagasa et al. 19870 Inouve and Kuo
TOST, Kagawa 1971, Shinohara 1939

The actual temperature greatly alters the ettectiveness of any vernalization treatmient; for
mast Brassica species. temperatures ranging irom O 10 3 C are optimal tor artdicial vernahization
(Friend T985). The longer vhe duration ot chilhing, the faster 18 the flower development. The
temperature favorable for chilling tor both 8. campestris and B, juncea is not very low (Lee
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and Sheo 1957). There are no appreciable ditferences in flowering of these two species when
vernalized at the temperature range of 07 to 10°C. Some Chinese cabbage varietics may cven
produce tlowers at 137C oy higher (Guttormsen and Moe 19854 and b). In other species, e p.
B oleracea, the etfective vernalization temperatures are sharply contined 1o the 07 0 3°C range.
Flower induction m some subspecies of £ oleracea is extremely ditficult and requires a Jonger
vermahzation perniod. At least siv weehs of vernalization at 3°C of plants with at least 15 green
feaves are necessary to bring about normal flowering ot different subspecies ol B. oleraceae
(Marrewijk 19760 Stohes and Verherk 1951, Thomas 19501, However, sone tropical types off
Chinese kale (8. oleracea subsp. alboglabray may produce lowers without exposure to low
temperatures (hee and Sheo 1957, Shinohary 1959,

After vernahization, warn temperiures can have a depressing effect on the carliness of
flowering. Temperatures above 267 10 307°C are known o retard fower development or reverse
the vernalization cffect on B. campestris subsp. pekinensis and B. juncea (Elers imd Wicbe 1984b,
Lee and Sheo 957, Shin et al. 1987),

100
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Figure 7. Relationship between the growth stage and the sensitivity of A, AC, and
C genome types of Brassica to vernalization.

The sensitivity of Chinese cabbage 1o vernatization starts at germination (Elers and Wiebe
1984a, Guttormsen and Moc 19850, Kagawi 1971, and increases with increasing plant age
(Fig. 7) (Elers and Wiche 1984u. Eguchi et al. 1963y, During their development on mother
plants. seeds do not respond o vernalization (Elers and Wiebe 1984i). Varietal differences also
play an mportant role (Guttormsen and Moc 19850, Hosma 19813, Heat-tolerant varieties tend
o be more sensiive to vernalization (Guttormsen and Moce 1985a): this principle has been
exploited as the sereening technique for heat ol ance in segregating populiation (AVRDC 1975).
Flower induction of Chinese cabbage is hastened as the temperature is lowered (Lorenz 1946);
temperatures above 18°C are required to avoid premature bolting (Guttormsen and Moc 19835h),
The critical temperature for vernalization lies below 137C (Yamasaki 1956). with the optimum
between 57 to 87C (Elers and Wicbe 1984y, The number of days from seeding to flowering
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of Chinese cabbage decreases with increasing duration of vernalization (Lee and Sheo 1957).
For slight vernalization effects, one week is sufficient: for complete vernalization. about three
weeks or more are needed (Elers and Wiche 1984a, Tee and Sheo 19573 To achieve the same
result, increasing the vervalization period is more effective than lowering the vernalization
temperature (Elers and Wiche 1984a Matsui 1981). Eyposures 1o temperatures above 167C
after the completion of vernadization deiay the flowering s usually bud formation. of Chinese
cabbage (Elers and Wiebe 1984h), High temperature treatments to the root system also have
similar elfects ¢Pressiman and Neghr TO8 1),

Photoperiod.  MMont Brassici species are considered 1o be quantisatively fong day plants dieiend
1983). The longer the das fenyty under which the plant s grown, the more extensive and carlier
the Mowermny becomes tHlees and Wiche 1958 Ecand b, Ragawa 1971 Tee and Shea 1937 Matsui
ctal, T9ST. Zee 1975 The munnum pertod ol Jong day eyeles s one day tor the ol seea
wpe of B campesirns dhrend 1985 ax dass for B campesiris sspo parachinensiy or Chinese
Howermy cabbage (Zee 19750 med at least nine dis for heat-tolerant Corese cabbage (AVRDC
1977, The oder the plant betore photaducnon, the greater is the flowering percentage obtamed
ataognen daslength

AMany Brasvce speaies swhich respond o sernalization are also sensttive 1 Tong day
stmubition o fToweame The micracton of these two factors are cither suppeeniontary or
complementan . Thus, Tow temperatore may quantitatn ey displisce te leng das regmrement,
Matsun et al oS T andicaied that the eftect of davlength on Howerig of B campesiris subsp.
pokinensiv s peeater than that o chilhng remperatire and s siadler tan that o chithng duration.
Long diy promotes bolung when temperatures nee e imcomplete sernalization of Chinese
cubbage (hers and Wichbe 198500 Some sensitive cultivars e bolt and flower withiout
experienciny temperatures below 13 C o grown continuoushy unded fong das condinons thorens
1946, Suge 1984 Supre and Tahahashn 1982y Kagawa 11975 also showed that the dommant
arading order of the hereditary naure of fiowerig s photomduction - seed vernaghzation
green plant sernahzaton However ot s evident that davlength s aomore efiective signal i
the middie latades than i the topies and more commaon there as a physiologicad cue o lrasseea
Spedies.

[t appesrs that there sono cotread davTenzth tor e s shorter than creht hours i exists)
for Brassica species (1 nend TYSS L Zee 19750 buta combination of vernahization wed long day
is required tor the v Howere of Chimese cibbage (horens 1461 There we onby st
photoperiodic Nuctimons around 1.0 howis and asimadbemperatre oo the topes: Fhos,
the increasing suitabihity o wenperaiures with sy altuttde should plas amore mportant tole
i the controb of lowerme o Hrassica species e the fropies

Regulation of flfowering by growth substances.  tiiowth ~subatances, or hormores, nine
Feen Tound to pliy miportant rodes e the control o How e O all plant hormoenes - gibberetling
(GAS) are the most eitfechve. Gayapphetion roplaces the tequiremient for long day or Tow
tenperature i sonce Brossica species hange 1963 and acecletates rlowering of Chinese cabbage
when it is apphed darme seed vernalizaion or vegetative grovth dkaeasa 1966). Endogenous
GA content of vermlized Chinese cabbage seedlings abso incrcases withim the first few days
ander tong-day conditions (Suee and Tababushi TOS2E Howesers notall eold reguiring or long
day requiring Brassica specios can be mduced o flower swith GA chahangrand Waithaka TOST
Suge 1984). There are cases mowhich GAS catise stem elongation swithout tflowering on some
difficuit-to-tlower Brassica spectes e etal, TO8710 Exogenous applicaton of GAL withoul
vernalization. induced Howering vreasy o Bower cultivars of I8 campestris subsp. pekinensis,
but not in ditticult-to-Hower coltrors. and rased the pereentage of phants that flowered under
short davs (Kagawa 1966, Suge 1954, Suge and Takahashi TY82)0 GAS seen te play e role in
the bolting of Chinese cabbage plants, but probably e not dire thy functional i mititing
flowering (Suge and Takahashi 1982).

A combination of vernalization with GA apphicition sas proposed as an alternative to Jong-
day treatment or incomplete vernalization in order to bring about flowering i some ditficult-to-









Breeding System and Natural Mechanisms
for Hybridity

Population Structure

Chinese cabbagoe is normally mseer pollinated, commonly by honevbees, and therefore,
practices an altogamaoeus touterossing ) tvpe ol matimg, The sticky pollen is not winrd-blown. An
open-pollinaed caltvar of dhis crop can be considered as made up of fieely mterbreeding
individuals sharing o coninon gene pool

As with other oniterosseng plant species. mdividuads o open polhimated sanety of Chinese
cithbage gencticalis deiter from cacivother, are nihiy heterezy gons, and exhitbit depressed vigor
upot cntorced mbreeding . Heterosveosiny s an e~ential teature of ths crop and, as o result.
ihis renctie condition must either be mamtancd dorme the breedimg proces orsas in the case
of e brid breedme. dissipated during the desciopment ot mbred parents but restored inctie final
step.

Experienced Chinese cabbage breeders ceneradly agree that venetie differences exist in the
expression of mbieoding depression. One type hows o rapud dechine of vigor i the intial four
to five generations of selfing: another mamrains 7070 0 S0 of the orginad vigor until the 7ih
te sthselfing peneration: and sull another shows an innal decrease ol vipor for o fow generations,
but thereatier the lines somewhat recover and stabitize o vicor ibupn 197200 In the course of
obtitning the destred venctie purity i is nmportant woadenty those e whaeh exbibit the dcast
inbreeding depression.

Genetical and evolunionary studies i recent vears have provided a torandable body of
cvidence indicating that heterozveosity s mtimately connecied with the etficient functioning
of an outcrossing popetation. The implication is thai incerder o maintan high fithess. outerossing
snecies cannot afford to dispense with hoicrosyveosity . und thus, ther must have the means 1o
encourage or enforce cross-poliination. Ot several known hvbridiny: mechanismis that many
outcrossing species have adopted o encourage or enforee cross pollination, and thus, preserve
heterozygosity - such as monoeey . dioeey . protaidry, protogyny . and incompatibility . self
incompatbiliiv s the regular svstem for cruciferouns plants.

Sclf-mcompatibility 1s a systeni of mating control which enforees nearly complete. it not
o tote, outerossing i many species which have adopted i Along with diocey. which enforees
complete autcrosstig, these powertul systems are genetically controlled, and therefore, genetic
imphications arise when artitficid manmipulation of pollin tion, such as in a breeding program,
is carried out. Self-incompatibility (SI) is the regular system for cructferous plants.

Seif-incompatibility

Physiology of self-incompatibility. Sclf-incompatibility refers to the partial or complete
imability of o fertite pollen to seta viable seed after self-pollination. It is widely distributed among,
the Howering plants (heslop-Harrison 1983) and can be classificd into two types, though the
flowering struceares 0 similar i bothy the pollen and seed parents (i.c. homomorphic) (Fig. 8):

. Gamctophy tie self-incompatibility. The pollen/pistil interaction is genetically controlled
by the haplowd genome of each pollen grain and the diploid genome of the pistl tissue.
‘The hindranes to polien tube growth is in the style Genetically, a single locus with many
alleles is involved. Pollen grain is generally binacleate.


http:ileepst.11

20 Chinese Cabbage Breeding and Seed Production

Domirance refationships of alleles B jﬂ;‘;;‘:"ﬁ"’;"‘“j —
f ulen prgne # n t] N P
in the dlagrams af sporophytic SI system R "’ Lot ‘)‘ T o Polier grans carying
Polen S0 - (oneean ) S S S 6yl brhoe g, 7 + syribat beboe o S,
. ety e . -
el 2 AAcuve ailddes are phinat,

Stgma S0 % nondarn nent) b
T e T mmm o T s e lVHlH‘l] utiiterne ath ly

Faobud tharno e

’

FOTCiRi Curtipatin \

7/

o ‘"\ T
Compitble polier
L10N S through to Follen tuhes, reaching
he ovule e vy
. v

Normal situation Occasiond cases
Codominant alieles in the Dotmitance i poltet. arit slyle
style Pollen careying, S, Abovee o the drtne siche ai

or S, phenotype s rejected e styie Potlen beliur LG

Self-polination s prevented phenotype o repected 5"1””![’, I8
postabie sice a'eles iy Show
dflerert phonotypes depending
on dornanee relaions

A. Gametophytic sell-incompatibility B. Sporophytic selt-incompatibility

Polien phenotype conboied By s oan Polien phenotype v contiotied by the dinposd
hiplod genotype Note rceat o pusen Fenotype of the nothier platt Prenaty e
tube growth trom girav. s wtio aleie, Behavion hndertiud al'ele e oy
COMIMON 10 IN0SE 10 e wlyie e Toduimman s

Figure 8. Comparison between multiallelic gametophytic incompatibility and sporophytic incom-
patibility.

2. Sporophytic selt-incompatibility. The interiaction of the pollen and ovule is determined
by the genome of the diploid somatic tissue (ot the sporophyte) in which the pollen and
the ovule are developed. In this system hindrance to pellen germination on pollen tube
prowth is localized in the surface ol tie stigma. Genetie control of this system s also
by a single locus with many alleles exhibiting alielic interaction. Pollen grain is generally
trinucteate. This svstem s tpical among crucifers,

Anatomically, the stignu of cruciferons plants widy a sporophytic SIsysteni s covered with
a layer of papilla cells on its serface and belongs o the so-called “dry stigma®. The cell wall
of papilla cells is cotaposed of an inner pectin-cclulose layer and an outer cuticle, on which
waxes are deposita {Kroh 1964 Compatible pollination allows the polien tubes to pierce the
cuticle laver and grow through the pectin-cellulose fayer toward the conducting tissues, dissolving
the peciinin the process (Kioh 1964). In incompatible pollinations penetration into the cuticle
Layer ocears to  certain degree but penetrating tubes cannot grow through the pectinscellulose
fayer (Dickinson and Lewis 1973, Kanno and Hinata 1969). Scit-incompatibility in crucifers
1> believed o be the result of ineractions between stigmatic pupilla cells and pollen or pollen
tubes since self-pollination after stigma mutilation can yield sclfed seeds (Tatebe 1939)

Stages of pollen germination and tube development: A stigma is capable of
recetving both self and nonself pollens, and ovules are potentiadly fertife. However, various
possible interactions take place from pollination to fertilization in an efficient Stsystem. Ferrari
ct al. (1981) identified five distinet stages for Brassica policn germination and pollen tube
development (Fig. %), The first four stages are autotrophic and are programmed within the mature
pollen grain to occur beiore the pollen tibe penetrates into vhe female tissues. Excepe for self-
recognition, these stages do not require specific messages from the female tissues. Pollen tubc
development can be arrested at the e stages, depending on environmental conditions other than
pollen-pistil interaction. These sages are listed as follows:
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Figure 9.

Stages of pollen germination and
pollen tube development in Brassica
(from Ferrari ct al. 1981).

1. Primary binding stage. The first postpollination stage of pollen development is a primary

binding of the grain o the stigma papillae, Binding is vreater for cross-pollination than

setf-poliination. This primary inding is a Toose. <ticky adhesion of the pollen to the papillae,
derived from the proteinaceous components of the strama pellicle and pollen wall,

Hydration stage. The second staze involves water uptihe, which begins at RH higher than

50%. Following hydration, celb turgor ata higher Rl is essential for gerndtube formation.

A hydrophiiic factor of low molecular weight in the stigma is responsible for reducing

‘hydraulic resistance” in parts of the “water pathway leading from the stigma cells to the

pollen grain, and mereasing the RH at the stigma surfiace by attracting water VApOor.

3. Probe tube stage. A short probe wibe cinerges from most polien grains, attaining a maximum
length ol about one wrain diameter on i substratum. All probe tbes originate at and develop
toward the substeatum interface,

4. Probe tube attachment stage. The pollen tube attachment deveiops if the probe tbe strikes
a compatble stigma. When attachment does not occur tube elongation ceases at the probe
stage and callose deposition fills the probe wbe In tic successtul wbe attachment. the
transfer of nutritive precursors from the feimale assues thes plece, permisting the continuing
growth of the pollen tube.

5. Pollen tube clongation. The penctration of pollen tube, which frequently attains a length
of more then 100 grain diameter, into the compatible stigmicand then tie stylar tissues,
is activated by the sivlar tissue.

|29

Self-recognition and control of incompatibility response:  Pollen tube developmeni
beyond the probe wibe stage is prevented by the consequence of self-recognition. The self-
recognition event invoives a genoiype-specitic interaction of a mobile informational molecule
on the stigma papillac, with a recepior molecule permanently located in or on the pollen grain.
This recognition reaction is a prerequisite to the manifestation of self-incompatibility.
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In incompatible pollination. probe tube growth ceases atier about three hours on an
incompatible stigma, whercupon the primary probe tube becomes oceluded with callose. Tt has
been suggested that an endogenous, probe tube-localized inhibitory mechanism communicates
with the polien grain so that binding and tube attachment cannot occur, thus blocking the cortinued
tube development That, i turn causes callose production.

The pollen gratn: It is now known that chemical fractions carried in the nollen wall
do play a partin inconspatibility response. According to Heslop-Harrison (1975 aad 1983), $-
gene products (proteinaceous substances) accumulating in the innermost layer of the pollen suc
wall are transferred, upon dissolution of the tissue, 1o the outer wall of the mature pollen grain
during the final stages of pollen maturation, about 60-70 hours before anther dehiscence in
cructfers. Soon ufter kanding on the stizma, the pollen releases these proteinaceous substances
within minutes. When these substances come in contact with the incompatible stigina papilla,
they cause immediate callose (51, 3-ghucany production on the stipma papitla. The penetration
of the papilla wall by the pollen tube, an essential first step inits successtul progress into the
style is then prevented. This protein-nduced catlose production does ot occur when the polten
source s compativle with the stignia

The pollen-stignus ceaction is actually a celbto-celt reaction: the callose production is resaricted
to the very same papiilae which come tr contact with the incompatible polien grain. Fhus Sy,
attempls e detece differences in the pollen protems of wall diffusiates or whole poilen extiacts
in sporophytic sel-incompatible Brassica spevies by immuno electrophoresis lave been unsue-
cessful (Fevrart et wi 1981, Heslop-Harrison 1983),

The stigoie Phe rehatively “dey” stigmatic suriace of cruciterous plants, bemg peculiarly
covered with a hydrated overlayer of a proteinaceous pellicle on the surface of the papilla cuticle,
15 responsible for the locatization of tie pollen-stigi interaction, Fhe stgn surtace pellicle
in this wity forms a seceptor site for the sporophytie pollen wall protems.

In the course of pistl maturaton, the papitliccells inselt incoaspatibie steains stop elongating
two or thiree days before anthesis. This retardation of papilla growth seems 1o coincide with
the vequisition of their diseriminating ability (Gonai and Hinata 1971), and has been sugpested
to activate the proteins responsible for the recognition reaction (Hinata and Nishio 1980),

Scerolopically detectable macromolecules from stigmas have been correlated with S-alleles
(Hinata ¢t al. 1982). Very low quantioes of this molecule are present on stigiias of immature
flower buds, where self-pollination functions normally. The guantity increases as buds develop
into mature fowers: this being accompanied by inereased expression of incompatibility. This
moiecule was numed the S-specific protein or S-glycoprotein because the protein contains
carbohydrates. In contrast with the results from pollen, striking differences in the patterns of
stigma aniigens (S-glycoproteins) related to incompatibility genotype exist in Brassica species;
these antigens are heritable and correlate with S-alieles segregation (Hinata 1981, The relative
mobility of stigmatic S-glycoprotzin bands on the immuno-clectropharests has been used as a
source of information to predict the identity of S-alleles (Nishio and Hinata 1980, Thus far,
cight S-glycoproteins have been identificd with their respective S-alleles in 8. oleracea, and
four in B, campestris. Evidence sugpests that although the S-gene-specific antigens are present
in considerable amounts in the stigmatic tissue, they are not present in the stylar nor anther
tissue of the flower. and that the S-gene-related fractions are on or very near the surfaces of
the stigma papillac (Nasrallab and Nasrallah 1984). The possibility is obvious that they are species
of protzins present in the pellicle, and are responsible for Gie recognition reaction,

Furthermore, low molecatar weight compounds, which are responsible for the subsequent
inhibit'on of poHen germination and pollen tube prowth, have been detected in the stigma of
Brassica oleracea (Hodgkin and Lyon 1984). Some of these inhibitors, as examined by thin-
layered chromatographic bioassay , are detected only in stigma extracts foliowmg self-incompatible
scli-pollinations. Inhibitors from self-pollinated stigmas are at their highest coneentration about
two hours after pollination, indicating there is a rapid accumulation of the inhibitors (Hodgkin
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and Lyon 1986). These inhibitors may play a part in preventing the germination and growth
of Brassica pollen n incompatible pollinaiions.

Modifications of self-incompatibility expression. Moditications of the breeding behavior
of suif-incompatible plants may result, spontancously or after experimental manipulation, from
cither physiological or genetical changes. These changes interfere, at one or several stages of
the r2jection process. to alter the chain of events Jeading to the failure of fertilization process
afier self-pollination. The physiological chunges are always temporary and cannot be transniitted
to the next generation. Their effects, when they contribute to the promotion of irhreedimg or
to variation in mating relationships, may have important implications for the genctic stractere
and the fitness of the poputation in which they oceur,

Genetical changes, on the other hand, may be permanent and cover a variety of different
effects ranging from the breakdown of the incompatibility character to an increase in the size
of S-allele series, or to the emergence of a new relationship between pollen and pistl. For example,
self-incompatibility in Chinese cabbage needs at least three or more generations to be genctically
stabilized and the stability differs with different varieties {Anonymous 1976, Tao et al. 1982).
This section summarizes the most important environmental and physiological factors affecting
self-incompatibility.

Stage of pistil development: Sced set in self~ and cross-pollinations changes during
the course of pistil growth. Very young pistils are too immatuie to set seeds. As buds grow,
both self- and cross-pollinations with mature poller yield good seed set. This is known as *bud
pollination’, and the bud pistils do not diseriminate between the genotypes of self and nonself.
Usually sced set from selfing is poor around five days before and after the opening of flowers,
while seed set from cross-pollination remains good (Fig. 10). The difference in seed set between
competible (cross) and incompatible (self) pollinations is ai its highest from the day before to
the day after flower opening.

i Cross

Figure 10.

Schematic presentation of the changes of seed
set percentage in self- and cross-pollination' in
the course of pistil growth.

% Se.ed Set in Self or Cross

Bud Stage Flower Opening
Pistil Growth

The difference of compatible/incompatible reactions in pistil development can be readily
distinguished by the increased size and the appearance of yellow pigments in the self-incompatible
buds.

The success of bu pollination is itributable to bud pistils not having the self- and nonself-
recognition ability przsent among blovming tlowers (lizuka 1957). Apparently, the bud has not
yet received the necessary information ror inhibiting self-pollen (harvested from mature flowers). .

The increasing expression of self-incompatibility with tae advanced pistil growth is closely
associated with the growth retardation of papilla cells near anthesis (Gonai 1970, Gonai and
Hinata 1971). Mature papilla cells disturb the penetration of pollen tubes but not bud papilla
cells in self-incompatible Brassicas species (Ockendon 1972). Furthermore, S-proteins detected
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by the immunological method (Nasrallah 1974) and S-glycoproteins detected by isoclectric
focusing (Hinacy et al. 1982, Nishio and Hinata 1977) increase with the course of stigma
maturation, which is correlated with the onset of the incompatibility respanse (Nasrallah and
Nasraliah 1984, Shivanna ct al. 1978). The proteins involved in the recognition of self-
incompatibility are not secreted in the papilla cells at the bud stage. The aceeptable hypothesis,
therefore, is thai S-alleles in papilla cells are activated and that the subsmnees involved moself-/
nonsclf-recognition are produced during papillis growth retardation.

Young pistils virtuatly do not differ in their abiliny o set seeds upon serting and crossing.
This “juvemle compatibility” upon selfing has been noticed as carly as 1930 by Kakizaki, and
selfing by “bud pollination”™ was subscquently developed as a routine technique o obtain selfed
seeds. The implication of this phenomenon in the mainteniance of S-allele homaozygous inbred
lines for Iy hybrid production is discussed later (see Hybrid Sceed Production, p. 61).

Aged pistils, those that remain unpollinated a few days after lower opening, can still produce
a substantial amount of cross seeds and sometimes. may set a few seeds upon self-pollination
with normal incompatible poliens. The abitity of aged flowers 1o set selfed seeds, known as
*senile compatibility ", 1 assoctted with a progressive Toss of the capacity 1o produce or store
active incompatibility substances or the collapsing of papilla cells (Tatehe 1977,

Temperature:  Higher rate of selted-seed production occurs ai high temperatures (25°
10 30°C) than at low temperatures (15710 200°Cyin B, oicracea (Gonai and Hinata 1971, Johnsen
1971, Nasrailah and Wallace 1968, Ockendon 1973, Visser 19775, in B, campestris (Ko et al.
1974, 1975, 1976, Richards and Thurling 1973, and in R. sarivas (1] Murabaa 1957, Tatebe
1977). Thermal treatment (707 to 807Cy with a smadl soldering iron applied w the stignatic
papiliac also murkedty increased fertility in self-incompatible crucifors (Rogeen and van Digk
1976).

A higher proportion of collapsing paptla cells took place ander high (307 C) than low (20°C)
temperatures and wis considered as the main cause of the high selting rate at high temperatures
(Ko ctal. 1976, Tatebe 1977). Other postulated reasons for the influence of high temperature
on degree of selt-incompatibility are: changes in the rate of synthesis or quality of synthesized
incompatibility sabstances (Nasralluh and Wallace 1968); and shortening of the papilla growth
retardation at high temperatare, thus disturbing the full expression of self-incompatibility (Gonai
and Hinata 1971,

The effect of high temperature on self-incompatibility has also been observed to vary ameng
different genotypes and different S-alleles. For example. the expression of self-incompatibility
among the progenies of self-incompatible lines in B. campestris is primarily determined by the
interaction between S-genotypes and different combinations of polygenic modifiers, which are
temperature-sensitive and probably differ from one another in their temperature requirements
(Richards and Thurling 1973). Although rather difficult, itis possible, therefore, to find S-alleles
which are stable under high ten peratures.

Relative humidity: High air hunndity has been found to increase poller, germination
in Brassica and Raphanis (Oclke 1957, Rohbelen 1960, Tatebe 1964), and accelerate poilen
be growth in both self- and cross-pollinations in B. oleracea (Kanno 1973). At the same relative
humidity, the rate of pollen germination was less in self- than in cross-pollination. With strong
self-incompatibility such as in B. oleracea, humidity did not improve self-fertility (van Marrewijk
and Visser 1978). In contrast pollen tube penetration could be observed in weakly self-
incor wpatible lines under high humidity.

Gas environment: A high concentration of COz, ¢.g. 3% to 5% can cause a breakdown
of self-incompatibility in newly opened flowers of crucifers (Nakanishi et al. 1969, Nakanishi
and Hinata 1973, 1975). The cffectiveness of CO» is limited to the pollen germination period
and the effect is considered to involve pollen tbe penctration disturbances rather than the
recognition phase. The reactions concerned and the exact nature of the COz effect on pollen
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tube penetration are not known, but it certainly appears that the processes involved in the
incompatibility reaction are more sensitive to external agents than those normally governing
pollen germin: a1, pollen tube growth, and fertilization.

Lower ethy s concentrations appeared to be shightly antagonistic to enhanced pollen tube
penetration caused by a high COz concentration. Oxygen, on the other hand, did not have any
effect in breaking self-incompatibility although it is necessary for metabolism in pollen germination
and pollen tube penetration (Nakanishi 1972).

Chemical treatment: Considerable success in overcoming setf-incompatibility of
Brassica was obtained with cutinase (Linskens 1961), cther, or 10% KOH solution (Tatebe 1968).
some organic solvents (Gonal and Hinata 1969y, lectins or sugars (Bapaj and Shivanna 1986),
and salt solution (Tao and Yang 1986). Self-iertihity of inbred lines in B. oleracea with relatively
weak self-incompatibility can also be increased by washing pollen with 109 (o 50% acetone
or by applying an cther extract from the pollen of rape to the stigma (Roggen 1974, 1975).
The treatment of the pistil or of the potlen with chemicals seems to block recognition molecules
and thus overcome seif-imcompatibility.

Mutilation:  Mutilation of the stigma preceding self-pollination in incompatible broceoli
(Sears 1937) and radish (Tabebe 1939) fed to high seed set. Roggen and van Dijk (1972) proposed
the use of steel wire for stigma mutifation to obtain high-selfing rate.

Irradiation: A significant increase in self-fertility was also obtained i setf-incompatible
cabbage by gammu irradiation applied 6- 14 honrs after pollination (Hosoda et al. 19711, The
effectis ERely due to an increase in the capacity of the incotapatible pollen e 10 bypass the
incompatibility barrier and accomplish fertilization,

Electric-aided poliination: Electric-aided pollination tinvolves apply ing o direct electric
potential difference of 100V between pollen and stigma) could partially break seif-incompatibility
in B. oleracea and increase sethimg rate in bud pollination (Roggen and van Dijk 1973). The
effect was found to be of the sume order of magnitude as that obtained by removal of the stigma,
pollen transplantation, chemical treatment. temperature treatiment, and bud potlination, and was
mere cffective than CO2 treatment (Ito 1Y81),

Genetical control of self-incompatibility. Kakizaki (1922) reported the first case of self-
incompatibility in Chinese cabbage, and postulated that self-incompatibility in cabbage can be
explained by the gametophytic action of two allelic series (Kakizart 1930). This theory was
Jater disprowved on theoretical grounds by Bateman (1952, 1954, 1955) who proposed that self-
incompatibility in crucifers is governed by the sporophytic action of one S-allelic series,
Thereafter, the sporophytic S-allele system wis found in . oferacea, B, campestris. Ruphanus
sativis, end R rapreoisirum (Haruta 1962, Sampson 1957, 1964, Tatebe [962, Thompson 1957,
Zuberietal, 198 1), in Cructferace, of 182 species examined. 80 were seli-incompatible (Bateman
1935). Tn the subtribe Brassicinae which is comprised of Brassica crops and its closest wild
allies, 50 out of 39 taxa examined were self-incompatible (Takahata and Hinata 1980), Self-
incompatibility mav nave played an important role in the diversification of species in Cruciferae,
especially in the subtribe Brassicinae (Hinata and Nishio 1980).

The genetic combinations of S-alleles are numerous and complex among crecifers with the
sporophytic SI system. For example, 25 to 34 different S-alleles have been estimated in a
population of R. raphanistrum (Sampson 1967); 41 have been ideniified in cultivated B. oleracea
(Ockendon 1974, 1975b), and 10 in Chinese cabbage (Lee and Yoon 1981).

Evidence indicates that the cultivated forms of Brassica possess weaker self-incompatibility
than do wild types (Ockendon 1974, Olsson 1960a and b, Thompson and Taylor 1966) and that
the cultivated taxa have lost the dominant alleles to a certain extent. It could be considered that
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certain factors, such as cultivation, have disturbed the genetic balance for self-incompatibility
and made them self-compatible (Hinata and Nishio 1980). Interestingly, strong and stable self-
incompatibility was infrequently observed among AVRDC’s tropical Chinese cabbage germplasm.

Ina simplified nomenclature for the sporophytic SI system, determined by a series of multiple
alleles, the genetical constitution of individuals may be represented as 152, $153, $154, ... 5285
5254, and so on. Assuming that the two S-alleles of a plant act independdently of each other,
the pollen of a plant deposited on the stigma of the same plant (selfing), or of anoher piant
possessing one or both S-factors in common, e.g. $152 X $18. or $1.5 x 8§18, will produce
very few seeds if any. Compatible crosses would only be those in which the parent plants possess
no corresponding S-factors, e.g. $1.5 X 8385 or $150 < 585 The phenomenon of cross-
incompatibility is auributable to the same cause as self-incompativility.

The above supposition that the two S-alleles act independently »f cach other oceurs rarely
in real situations, since dominance and codominance among S-alleles are a characteristic feature
of the sporophytic S1system. As an example. if i plant has an $152 genctype and S is donmnant
to Sz in pollen, then atl of the pollen from the plant will function as it it were $p; and the pollen
with cither Sy or Sy alleles will be incompatible in an $1 style, but will be compatible to an $25-
style. In another instance, il Ss is dominant to Sy in pelien, the cross 15 (female) X 8153
{male), which is incompatible on the assumption of independent S-allele action. wouid now be
compatible.

Codominance anong S-alleles is a relatively more common genctic plicnomenon than
dominance. Morcover, the relationship between S-alleles in the pollen is not alwavy, the same
as in the stigma. By these conditions. as well as the fact that @ large number of S-factors exist
in a population, the number of compatible combination increases and cross-incompatibility is
rather infrequent in natural open-pollinated populations but not in genetic materials that are
composed of closely related individuals such as an mbred family. The possibility of obtaining
individuals that are homozygous for the S-factors is rather obvious from the attribute of dominance
or other pertinent combinations. Thus, in contrast to the gametophytic incompatibility system,
homoczygotes are also a normal part of the sporophytic incompatibitity system (Lewis 1954).
This feature has beer utilized in the derivation of inbred lines that are homozygous for S-alleles,
and has a very important implication in hybrid breeding.

Although S-alleles can be broadly classified into dominant and recessive S-alleles,
complications generally arise because of their differential behavior in the pollen and stigmu.
Deminance relations are often nonlinear (Lee and Yoon 1981. Ockendon 19754, Richards and
Thurling 1973, Thompson and Taylor 1966). The degree of dominance can also change owing
to genetic backgrounds, and physiological or environmental conditions (Murakami 1965,
Ockendon 1975a). Competitive interactions can also induce recessive heter: szygotes to change
to setf-compatibility (Lawson and Williams 19764 and b).

Seif-compatible plants have been found occasionally in self-incompatible populations
(Nicuwhof 1968a): seeds may set from pollen carrying the same atlele that is present in the
stylar tssue. This condition is referred to as pseudo-self-compatibility. The amount of pseudo-
self-compatibility may be modificd by environmental factors as described above, or perhaps
by modifying genes. In addition it is assumed to have been due to the presence of an Sf gene
of S-allelomorphs which renders ineftective the alleles for incompatibility (Bateman 1954,
Nasrallah 1974, Thompson and Taylor 1971). The Sf allele is a part of the S-allele series and
may arise by mutation from an S-allele. The existence of polygene systems which modify the
expression of self-incompatibility has been pointed ont (Haruta 1962, Nasrallah and Wallace
1968, Richards and Thurling 1973). Thus, although incompatibility in crucifers is principally
controlled by a major gene with multiple alleles, an actual population may be made up of many
individuals with different manifestations of incompatibility brought about by the interplay ol
genetic and environmental factors.

Detection of self-incompatibility. Ina breeding program to exploit hybrid vigor in crucifers,
the identification of self-incompatibility among selected plants and their subsequent progenies
is of prime importance for the breeder. The traditional method of detecting self-incompatibility
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is through sced set analysis. Since, however, it takes more than a month from pollination to
harvest, that inadvertent contaminations in pollination and seed mixing at harvest are hard 10
eliminate completely, and that other environmental factors may set in to influence the self-
incompatibility reaction, several workers developed possible alternatives to the seed-set method.

Thompson and Howard (1939) suggested a technique of observing darkened stigmasurface
two days after pollination. This method is not readily applicable to Chinese cabbage which lacks
conspicuous differences in its stigmisurface color. Sampson (1964, 1967 developed a technique
of counting empty pollen grain on the radish stigma 24 hours after pollination, which was
subsequently applied to Chinese cabbage (Lee and Yoen 1981, The ability of the fluorescent
microscope (FM) to readily displey the pollen tubes that have penetiated the style provides a
direct and immediate measure of incompatibifity (Fig. 11y FM i commonly employed in Brassica
breeding (Wallace 1979). and has been combined with the i virro pollination technique (Lee
etal. 1982y, Details of the FM miethod and its combination with in i o politnation are as follows:

1. The newly opened flowers with pedicels wre detached and neatly phiced ina labeled petri
dish with cover. Excised flowers are then potlinated i viero, Inadvertent pollinations should
be avoided. Pollinated floswers are veptin a chamber at RH Q85 and 257C for 24 hours.
The humidity is maintained by seadine the chamber saturated with potassium dichromate
(K2Cr207) solution within,

2. Pistils are removed and placed in 1N NaOH at 607°C for about 45 min o soiten the tissues,
and then stained overnight with 027 aniline blue containing 2% potassium phosphate
(K;PO).

3. The stigma and style are mounted and then squashed onamicroscope slide. The aniline
blue stain accunudates i the polien tubes and fuoresces wien irvadiated with ultra violet
light at 300 to 400 micrometer wavelength. Under an FM microscope with appropriate
light filters, the whes are visible, whereas the background of stvlar tssues s fargely unseen.
Penctration of the style by none or a few wbes indicates incomputibility: penctration by
many tubes indicates compatibility: and penetration by intermediate ninmbers indicates
intermediate strength of incompatibility expression (Fig. 1),

Figure 1. Fluorescence microscopic view of pollen tube clongation into the style of the com-
patible pollination (left), and of pollen grains with very shert pollen tubes and strong
fluorescence (callese formation) irdicating incompatibility (right).

4. With in vivo pollination, pistils ore excised 24 hours after pollination. Before softening
and staining thev can be stored by fizing in FAA (13 parts formalin, 5 parts glacial acetic
acid, and 200 parts 509 ethanol), and then transferring 1o 70% ethanol.

When alternative systems fail, breeders generatly fall back on the seed set method for
detecting self-incompatibility (Fig. 12). The procedures used at AVRDC are as follows:
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Figure 12.

Silique set in the raceme of a self-incompatiblc
fine. Open flower pollinations near the bottom
result in small siliques with few or no sceds,
indicating incompatibiity; bud-poilinations at
the top produce normal siliques, mdicuting
Juvemle compatipility

1. More than three Hower sta'ks of the plantare selecred and bagged to be tested for incom-
patibility. At an appropriate time. both open Howers.exeept very old flowers wiineh are
pinched off, and young buds. except the very mmimature ones, are el -pollinated. The
number of self-pollinated open flowers and buds in cich stalk are recorded in the pollination
tag, along with the pedigree code of the plant and date of pollination.

2. Atmaturity, the number of seeds from open-flower selfing incach Hower stalk are counted.
The average seed set per siligue (ot seed set/ total flowers pollinated) 1 then determined.
Self-pollinations averaging no more than one seed per siligue in open-cower selfing are
considered as good indications of self=incompatbility. This standard is, hewever. arbitrary
anu may differ depending upon the circumstances. For instance. in situations w here some
degree of sibbing in commercial seed lot is aceeptable. the standard could be set w little
higher. However. breeders generaliy foilow the standard of one seed per siligue or less
on open-tlower selfing to minimize <ibbing problems during the production of commeicial
hybrid sced.

4. The average seed seton bud selfing s also determined o insure that the plants selected
for strong incompatibility can also be castly maintained. Tn this regard -« strict standard
is not followed. but any appreciable deviation frons normal fertil pollinations are noted
and limes with aberrant bud fertility are eliminated.

'

Isolation of S-alleie homozygotes. Developing inbred fines that carry all possible desirable
traits, the homozygosity for S-alleles with strong and stable seli-incompatibility, and at the same
time. with good bud self-fertility, are important preveguisites inhybrid breeding.

Most self-incompatible selections from a freely interbreeding population will likely carry
their S-alleles in heterozygous form. The first selfed gencration of these selections will, thus,
segregate for S-alleles. If such alleles are symbolized by affixing letters after gene S, a siwation
might be visualized in which a selfed heterozygote, S,8n for example. is theoretically segregating
info: 18,8, 1 2 8.8 0 1 SuSh. Breeders need to differentiate these genotypes and carry on further
inbreeding only on S-allele homozygotes (8,8, SpSh or both). Since ali of these genotypes are
self-incompatible, the identification procedure must involve testerossing. A diallel-crossing
method has been used at AVRDC; its theoretical bases and guidelines for practical application
are described below.
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Interaction types and diallel cross-fertility patterns:  There are basically four §-
allele interaction types in a sporophytic Sl system (Fig. 13). Depending on the type, it is possible
to identify homozypotes for S-alleles through a diallel-mating system. These homozygotes should
be identificd as curly as possible in the mbreeding process on plants showing good combining
abitity and the lines should be perpetted thereafier trom the S-allele lomorsy gotes,

T r | T
TYPE | 1l f i ! IV
(AN By Ay B A .‘>»( BolrAY L BY
\SaSa/t \ShSh ! VSasa (SbStzn,’i\SaSa/ * SbSo}!(,,SaSa/“ ‘I\SbS)
Sk M N » < - < j W Ar-n
"’.,f‘»;\‘ii? . Wy “- “'Y\i?/
(’L,\i - C s Co C O
SaSb) \Sash, \sase) (Sasy/
DOMINANCE RELATIONS BETWEEN ALLELES
POLLEN 'S Sb) Sa. St Sa Sh Sa: Sb
‘ ! ;
STIGMA Sa- Sb Sa t Sb Sa Sb Sa: Sb

Figure 13. Types of incompatibility relationships o S-alleles in poflen and stigma
i cruaifer vegetables. - - & cross mcompatible, -— > cross com-
pauble  Arrow mdicates direction of pollination. S-S, = So

dominant over S,. S,:S, S, and S independient

The provortion of sibs thrather sister mating) should be nnimad or ideally zero ina hybrid
seed bulk. Thas freguenes will depend Lirgelv upon the sirength of S-alleles and their stability
iresponse to environient especially temperature) for seed production. Selection for strong
S-alleles can be tacditated after the adentitication of S-allele homozygotes.

The deur haae S allele micraction tpes and their cross-vompatibility patterns are given
below - Althousinit appean estremely simple on digram, it requires carctul and theroagh analysis
o arrive e correctinterpretation i practice. One must remeniber that the composition of
the selied progenies ot w heterozy gote only approximates the ideal 1:2:1 ratio, There could be
more than one seerepant f 8.5, or S5 Tor ervanple. Rearrangements ol the diallel table of
pallinaiion data s theretore, Bielpiul o make the pattern clear. For explanation of the various
symbols used. plesse teter o the notes below

FoType 1N < S stigmi: 5, < Sy in pollen

Genotype (phenotype)
of seed parent

Genotype (phenotype)

S8 SaSh StSs

(S)) (S5n) (Sh)
SuSy (S4) | C C
SilSh (Sh) C | 1
SbSh (Sh) C | I
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Features:
a. There are more compatible crosses than in other types, about equal in number on cach side
of the diallel table,
b. The sibs can be divided into two sib-incompatible groups which are compatible 1o cach other.
¢. The group comprised of fewer plants Tikely consists of the recessive homozygotes (5,5,).
The farger eroup s hikely aomisture of hoerogveotes 15,500 and dominant homozypotes
(SRS
doSeSe s dimienlt wo ditterentate from S8 dhetcrazy pote) hecaise of exacty shinifar cross-
compatibil:te parerns Appropiate test cross wath o knovns heterozs pote of previous
generiations b ey can be propagated vevetatively unnl the test o differentiate 8,8, and
S genotypes o srepested oW alliee 19795 o the case of Chimese cabbage, the test cross,
howevers s vomdacted e the nent generanon pecse o e dihoulny o cgdiatively
naintining: pareatal oes
2o Type 0N, S stz Sy -0 Ssom pollen
Genotype (phenoty pe) Genotype (phenotype)
of seed parent ol pollen parent
y\'_..\‘d \,\) B ShS[\
(5) (Sn (Sh)
S5 (Sw) | C C
S (5, and Sy i I I
Shdh (Si) C I I
Features:
a. Compatible crosses are more evenly distributed sumong columns than among rows,
b. The group of plants that are compatible as a female with the rest of the sibs Biut not reciprocally
(as mate) is homozvgote 8,8,
¢. The plants that are reciprocally compatible with $.5, are homozy pous for the opposite allele,
Siudh.
3 Type HID S, S stigmac S, Seon pollen
Genotype (phenotype! Genotype (phenotype)
of seed parent of pollen parent
S.l S.u SJ Sh ShS h
(S.) (5, and Sw 15h)
8.5 (Sa) I 1 C
556 (Sn) C | I
ShSh (Sh) C l l
Features:

a. Compatible crosses are more evenly distributed among rows than among columns.

b.

<.

The group of plants that are compatible as male with the rest of the sibs but not reciprocally
(as female) are homozygote 8,8,

The plants that are reciprocally compatible with S.8, are homozygous tor the opposite allele,
StSh.
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4, Type IV: S, = S in stigma; 8, = S in pollen

Genotype (phenotype) Genotype (phenotype)
of seed parent of pollen parent
S;.Su SnSh ShSh
(Se) (82 and Sb) (Sb)
SaSa (80 I I C
5.8y (S, and Sp) I [ 1
ShSh (Sh) C l I
Features:

a. There are generally few compatible crosses oa cither side of the diallel table.
b. The plants that show reciprocal compatibility with cach other are homozygous for cach of
the alleles. i 5.8, and SnSh.

Notes:

a. The symbol in parenthesis of each diallel table, following or under cach genotype, is the
gamete and/or gametic behavior,

b. C = compatible: 1 = incompatible.

c. 8. < Sy meins S is the dominant allele: Sy = Sh means both alleles are of equal strength
and are therefore codominant.

Additional guidelines in detecting S-allele homozygotes: In adapting the diallel-
mating system, AVRDC breeders have followed certain “rules o thumb” to insure the reliability
and the effectiveness of the method in detecting S-aliele homozygotes. These generai guidelines
are as follows:

I. In the diallel (with reciprocals) test of selfed progenies, it is recommended to use no less
than 12 piants. This sample size provides about 95% probability that at least one of the S-
allele homozygotes would be detectable.
For cach cross or selfing, pollinate at icast six open flowers; do not pollinate very old
flowers. nor closed buds, as they tend to be more compatible and do not express the true
self-incompatibility behavior. In practice the greater the number of pollinated flowers,
the more reliable will the seed set data be. However. vigor of the individual plants often
limits the number of flower stalks that can be used. Preferably pollinate only those flowers
within the period from the day of | to the day afier anthesis. To detect the seed set potential
of cach plant, a check cross using bulked pollen from an open-pollinated variety may be
added.

3. With flourescent microscope it is possible to deteet the self-incompatibility behavior quickly
by observing pollen tube growth in the style. Without FM collect the data on the average
number of sceds per siligue (in this case the total number of seeds obtained from pollinating
six flowers). While the mit of what may be considered incompatible pollination depends
upon a particular situation, it is usually advantageous to select for strong Sl to insure higher
hybridity in hybrid seed production fields. To achieve this consider only those pollinations
with an average of less than one seed/silique as incompatible. Anything above the limit
should be considered provisionally compiiible or fertile, depending upon how the average
seed set compares with the check cross.

4. In the absence of a quick method for SI detection, each plant must be bud-pollinated for
its own perpetuation. Data on the average seed set from bud pollination are also important
in selecting good, easily maintainable lines. It is not sufficient for a line to exhibit strong
self-incompatibility; the line must alo be casy to maintain. This can only be achieved
by sclecting a line with strong SI and at the same time good bud self-fertility.

to
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5. Homozygosity foran S-pene is unequivocally confirmed by the absence of fertite or com-
patible crosses among its selfed progenies when iatercrossed in diallel (with reciprocal)
fashion. After ideatity g the homozyveotes, continue to monitor their selfod progenices
by expiotatory sibbing wd selfing. i.¢ mcomplete diallel. Perpetuate the e only Trom
the most self meompatible, highly bud self fertile progentes. I the line is questionable tor
S-allete homozy posity, reexamime the line to isolate the true homorygotes. Otherwise,
discard lines unstable for self-incompatibility even atier uncquivocal homozy potes haye
been identificd. Most likely. there are modifiers mfluencing the expression of 8 afleles.

0. A line that shows complete reciprocal incompatibility - ies no compatible crosses in the
diallel tible. is homozyeous tor an unknown S allele and imteraction tope. Such a line
s stll usetul = here the mmediate voal s o stngle-cress hybrid

Male Sterility

The sporepiniic SEsystem is the regular mechanism in crucifers 1o maintain heterozygosity
and preserve ticn acterogencous population strucaire. From a plant improvement viewpoint,
this mechanisi Las plaved a vital role o the cxpiottation of hyirid vigor in crucifers. Uil
pov hybrid vancties i a sumber of crucurons veeetables continue (o be produced using this,
systenn Althooghthin sy stemis widely adopted theee are niny concomtant problenms ol ed
meits use e Surmounting the mcompatibn & Farrier and sect factors in Inbridizanon, p.
Hand po o4 respectively s Byventiadly - these probl nns anslate mto ol seed costs o rowers,
Plntbreeders hanves theretore. becir areathy micrested Do slternative sehienios tor hicbid
production adeadly - one that o stabbec smple and strarebiyrsand, and athe e time
more ceonenivid than the sporophstie ST asem, s search is vt apart tram efferts that e
been expended and waill vontiie o he spent rettamg the e o sell meompatibalny as the
standard systenmy for hvbind socd prodinon ewee Mamteninee and multplication ot S parents.,
p. 6.

The emphasis os coplontation oi cvoplasmie male sier thty s anossible alternative 1o selt
incompatibilny has casied momeninn in recent rveans Grenne il sterthity - discovered earlier
mcertam tva, hus abso recened some attention amd his actiadly been unlized for commerciad

hybrid seed produchion i some countries

Genic male steritity.  Genre male sterhin s nunnifested through the nuclear senes inhititine
the normal devclopient ol anthers pollens chie s B The precise stage at which polien
developmentis wtercupted may ditfer vath the soccies., or wiih the sprctic gene for nle sterility
within the species. The etfectiveness of wimnale sierile eene miy be measured by (1) the percentage
of pollen grains thatare viable . or 25 the poreentiaze of secd set The expresson ot a particular
gene may be compicte, so thot thers will not be any viable pollen or seed setmomale-steriie
Nowers provided ey have been protected o ovelude polten rom external sources, Or, the
expressicn of the vene e be parGal pernntte soiall imounts of vighle pollen and seed set.
The expression of the vene nne olso vary with e enviromnent. Unless o male sterile aene
ihibits virwally all seed production, wnd s seble i wide tanee of environments. its utiliny
i hreeding progranes would be linied.

Fhe firstcise of peme nuide stenbits was reported m Yapanese radish (R, sarivas) by Tokumasu
95D s enic mizle steriliny i governed by o pair of recessive genes, pms: the dominant
alleles (MM or Munyy resultin praducton of normal anthers and pollen. Since then, several
cases of genic male sterility hiv'e been tound in other crucifers: broceoli (Anstey and Moore
1954): common cabbuge (Kototani and Yanuda 1958, Nishi and Hiraoka 1957, Rundfeldt 1960);
Brussels sprout (Johnson 1958, Nicuwhof 1901); cauliower (Borchers 1966, Nicuwhol 1961 .
Rundteldt1960): B campestris var. brown sarson and yellow sarson (Chowdury and Das 1966,
Dis and Pandey 1961); B, napus (Heyn 1973, Fakagi 1970); and Chinese cabbage (Anonymous
1978).
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Figure 14. Mode of inheritance of genic male sterifity (feft)y and cytoplasmic male sterility (right).
Letters in the nner circles represent genetic factors; fetters in the outer circles show
cytoplasmic factors. S = male sierile, B = male ferrile, and gene F being dominant
over gene S. The cytoplasmic factors are transnutted only through the female parent
(modified .fmm Allard 1960y

Iy hybrid Chinese cabbire s been produced in China using single recessive geme male
steriles (Anonvinous FO780 Niu et al. 1980 The system has nuny advantages: stock seed
propagation is casily accomplished by sib-mating stesite plants with tertle plants of the same
fine: the qualdity oi hybrid ~ceds is ensured: and their parents are more vigorous (Niuetal. 1980),
Furthiermore, male-sterile plants can usually develop normal fertile flowers ata fow temperature
(Nicuwhot 1968h). However, hybrid seed production, through genic male sterility s i inethicient
system because a pure population of genie male-sterife plants cannot be produced: hund-roguing
of heterozyeous nude-fertile planes trom femalde lines s required prior 1o the anset of bee
pollination. Even assiining that an ctfective system tor selecting out fertile plaats from femate
lines can be found. cogo seedbing genetic marker closely nibed o nude sterde sene. e system
docs not provile for o costettective seed production since only Jadl o the 1emale population
participate in producing hvbrud seed. The relavve imterest, theretore,in the use of genic nide
steritity for hybrid production is Timited.

Cytoplasmic male sterility.  Cvtophisimic male sterhns s controlled by the evtoplasin, but
mity be influenced byt nuclear genes (Fies T-he Fike geme male stertity. it resalts in the
production of low ers with nontunctonal anthers or poticn “Fig 130 The sterife eytoplasm often
results from the introduction of nuclear chiromosories o @ forerm oytoplasm. Siace the
cytoplasm is tansterred ondy throuen the e ovtonbisnne nide stertdhny (CMS) s transmitied
only through the mother plant.

Ogura (1968) ceported e first case of extoplismice male steribity e Jupanese vadish. This
male sterility was produced by the interaction betw een the oy toplasne and the homozy goas nuclear
gene, msnts. Subsequently, ether cises of CMS Tave been tound: m 8 oleracea from 8. niigra
X B, oieracea (Pearson 19720 in I8 campestres subsp. chinensis frome Diplotacis mul'u/i\' -«
B. campestris (Hinata und Konno 1970): in B campestris sabsp. rapifera (Ohkawa 1985);

B. napus (Shiga and Baba 1973, Thompson 1972 and i B juncea (Brar ctal, TY8D). In SOt
cases fertility-restoring fuctors have been found, while in others they were absent ({Ohkawa and
Shiga 1981, Shiga 1980). In the presence of a dominant fertiliy -restoring allele, the sterile
cytoplasm becomes inoperative and the anther produces normal pollen while in the presence
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of the contrasting recessive alleles, male sterility is expressed. To overcome the lack of an efficient
genetiv restoration of CMS, the use of ethrel, applied at 2000-3000 ppm before the emergence
of the first Howering shoots in B, juncea, has been suggested (Banea' and Labana 1984).

The possibidity of hiybeid seed production using CMS m £, campesiris was exlensively
reviewed (OhKawicind Shiga V98T, Obkiena 1985, The utilizanon of o ey toplasoie male sterile
e of B napus insuccessive backerosses w B campestris o develop aomale sterile line in
the latter has adso been sugoested (Ohkaswa and shiga TOSD . A B campestris carrees fow or
no ertility-restormg genes or the Bnapas evioplean. the repeated bacherossing can be greatly
facilitated. o even better case. Ohhawaand Shiga (198 1) proposcd the use of already available
malesstertie hnes i turnip o8, caroesiis subsp rapiferey whieh also cnrs B8onapic evioplasm,
I repeated bockeross program 1o tanster e pade sicnde bait o other subspecies of B,
campestris ceoesabspe pehinensesy e wall no longer be necessany o stabilize the Chemosonme
nuriber oi the hvbrads . i one would it the souree ol the sale sterile cvoplasin Belonged o
another cyteimonie sroup. However care shoakd be tben inorder to tacilitate the tansie:
that the reciprent of the made <tenle evtoplism caries no restorer seny The CMS Gpproacs
should simplify b bud seed production and conld. thus. render the transter of (his technoiogy
o developing topcal countiies more Teasibie.

The development of eytoplsinic malesterle haes amony heat olermnt Chenese cabbage
is being explored aasapplement (o the sporophytic S saostern for hybrd seed production
AVRDC, huitiadly . die Ogora oy oplasa deris ed Trom radish was geed tolfowany the detils of
nuclear substitnion transter of e B compesiriy venome provided by Wilhagns and Hevn o198 1),
This sabstitetion used the B e substtnted male sierthe stochs e ioped by Bannerat et ad,
Y074 as intermediate parents. The result, however, bas been discouriging due 1o problens
af poor vigor: chlorosis, and other Horad ahnornnbaes, and pallian 0 complete suppression
ol nectury development (Fig o 151 which mlnbits nornial bee activity and feads 1o mimiinal
pollination and poor seed set However, Leuny otal 019823 reported that the selection ol lines
with purtially restored nectany development i evtoplasmic male sterile 4. campestris subsp,
pekinensis und - chinersis s posable. Smee cvtoplasmie male-sierile 8, campestris s
environmentadly stable tor sterilite. CMS ines with resistance 1o discises such s clubroot. turnip
mosaie virus. aud downy mildew were subsequently developed (Leuny and Williams 1983).
A tew eytoplasmic male-stertle Chinese cabbage plants wath functional inner nectar vhiands have
been found recenthy at AVRDC, However, sland size s il smiadter than those in the male-
tertile recurreat purent. Morcover then genetie stbilin b not vet been iproved,

Another source of CMSUB. juncea eyvtoplasn. s adso becn evplored By AVRDC breeders.
A malessterife B pencea stock from Dndie anpears 1o he o better sonree than the tadish-derived
Oguric CMS becanse 1t eshibits normal nectuny tunction. less chiorosis, and cood plant vigor.
This research which wimes o determme whether B puncea cytoplism would be a more suitable
alternative s stll in progress,

Figure 15.

Male sterile (both side) flowers
in comparison with male fertile
flower (center). Only degene-
rated vestigial stamens are seen
in male sterile flowers, while
they are normal in male fertile
fiower. Note also the suppressed
nectar gland development in the
male sterile flowers.




Breeding

Goals in Chinese Cabbage Improvement

Varietal improverent of headme Chinese cabbage has been most remarkable in Japan and
Korea, where it ranks as one ol the most important vegetaboes. Progressive refinements of
breeding methods, especially wtilization of self-incompatibility: during the past 20 years, have
substantially improved the vicld of Chinese cabbage in Japis and Korea. In 1981 over 300
commercrl cultnars developed through the ¢llorts of public and private sectors, were on the
nie ket fapan OV atanzbe 19X The npmbor o registered Chinese cabbage cultivars in Korea
has aiso tereased conciderabiv dunme the past 15 years (Pvo 1981, In China various types
of Chinese cablae qove been released recenths through the eftorts of public rescarch imstitutions
(Jiang 19¥ D, Moch of e varietal improvement m Eastern Askhas been intiuenced by consumer
preference. culturat teelmgues, cropping seisons, amnd pest ipvidence,

More than IS vears ago, AVRDO stted dis rescarch progran o improve e adaptation
of headine Chinese cabbage in the tropices. As the hot humid environment is bey ond the normal
ceological range Tor Chiese cabbage colination, new breeding objectives sach as hear iolerance,
carly maturity - and diseise resistance tad o be parsaed. These goads as wellas those convmonly
saught under the traditional temperate environment, are Jiscussed below.

High yield, uniformity and earliness. These goals dre grouped topethier because m an
intensively grown crop like Chinese cabbage, they are premium characteristics that breeders
eenerally Touk for. Much of the improvement in these objectives has been collectively achieved
through the development of Fy Bivbrads, The pronounced hybrid vigor obtained upon crossing
two homozygous mbred Tines makes possible de attainment of high productivity and in certain
cases, absa improved carliness. Siularly, the immediate progenies between two homozygous
Jines are virtually alike, genctically and phenotypicably. Thus. the by hybrid generally display
excelient uniformity inappearance, aturity, performance, and guadity. 101s estimated that the
yietd of Chinese cabbage in Japan has doubled sinee 1960 as o result of brecding and distribution
of excellent Iy hybrid cultivars with disease tole.nee (Matsumura 1981).

The AVRDC topica' Chinese cabbage program also pursues the above goals. High yield
is always an important goal. farliness and uniform maturity are also important traits that heat-
tolerant cultivars grown during the hot, huniid season must possess inorder to reduce the risk
ef crop loss due o adverse weather conditions (Opena and Lo 198 1),

Resistance to major diseases. Chinese cabbage is atucked by several diseases, notably:
softroi (fnwinia carotovaray, downy mildew (Peronospora parasiticay, mosaic virus, clubroot
(Plasmodiophora brasyicae). Alternaria leat spot, and o few other minor diseases (Color plates
Band C. p. 43 and podo. respectivelyy. The importance of these discases varies depending
on the environment. in temperate couniries. breeders have raditionaly worked on resistance
to softrot, downy mildew, trnip mosaic virus, and clabroot. With the exception of sofirot, these
diseases may be considercd as cool-season discases. Tn the tropies the first three are the most
important. I some hichlind ropicai areas, Alternarin leat spot is a serious problem during the
rainy months. Morcover, ciubroot has beconse widespread in recent years in some of these
locations, especially in the highlands. Genetie resistances to some of these diseases are available
and breeders have, in certain instances, successtully mcorporated them into commercial cultivars.
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Inecent vears. sotlborne discases caused by Aphanomyees raphani and Vervieillium spy.
have becomie more serious in the major tempeate production arcas where suceessive Chinese
cabbage cropping o conumon. Blach roi caused by Xanthomenas campestriy is adso likely to
become o serious problem vader s hunod conditions as hewhng Chiese cabbage gains
popularity in the tropies. Seleroiini rou (Seferonnic sclerornn . perennial problem during
seed production, s also becomimy wconmon discase ander conl, vt sditons i the conmercial
production arcis.

Three ditterent vivuses are Laown o cause the mosaie divens ¢ o Chinene cabbiee tarnip
Blosie v rus CHaA IV cueumiber mosie vires, and caulitlower mosar s, Fifors hive been
mrde at AVRDC and othier research institmtions - to ene s ad incorporate resistanee to TuMV
the most widesoread anong the viruses, o Chinese citbhige.

Apari Trom diseases there are ditmet physioiogical disorders, ¢y upburn and mternal rot,
which are caied by anbie orable envivomnen's and - or anbabaneed uptike and distribution of
cabvrum wd poron oo plate Do o)

Toierance to environmantal stresses. Heading Chinese cabbage is pencrally less hardy
than other Brassica crops hike cabbage and s alhied forrs: i s more prone o environinental
Huctuations. Under the Wi temperatures of tie tropies. head tormation of traditioni) temperate
cultivars s cither absent or foose . The development of heat wlerance m this crop has. therefore,
been o mijor goal at AVRDC

Ender protracted cold temperatures. Chinese cabbage tends o po o fowenng casiiy. In
femperale countries. bojinge resistince is an important it o enable profonged Chinese cabbage
supply towirds the santer period or carlh avalabiliy an the spring season. HBolting resistance
i alsosan iportant tent e the topical hishlimds where temperitures inay be tow enough to
cause bolting . copeciadly wmony heat olernt varietios

Quality and preference traits.  Althouch considerable genctic vartation is Know g for some
quality trants sich as vitannn C content and tioes anate content (Daxenbilicher ot al, 1979, Park
and Kim 1985y the quality seapects o Chinese cabbage rarely have become a major concern
methe gopacs. Dark vrcen cultnvaes penerally contain higher levels of vitamins than fight green
ones. This trend o between plant parts and ditferent genoty pes. Lower thiooyanate content
i an nnporeat chracter doe ot eoctation with low pungeney which s ade ired tadit when
Chimese cabbage i coown uader high temperature ad Low homidite Pk 1981,

Certain preference s may play o key tole i popularizing comeicial varietios. In Tabwan,
the round-shaped. smooth-feay ed . wrapped over type o heading yareny wath dark green, smooth
outer Jeaves wre bighly preierred by consumers durmg the summer. Sessile feaves with wide
and flat mideib s also acpreimiuns chaeacter, However, totally diltorent preferences are found
m-different seasons i the countiy

Preference wlo differs between countrics of revione, patly dependiny upon e tvpes of
cultivirs that have heen popubiarized moahe past. In may Southeast Asian countries, oy Idrical
head shipe s prefered o romd shape.

Preterred head size also ditiers from place o place Specitic preferences appear (o be related
with the trditional meth s of cocking or preparation. common shipping or marketing methods,
cte.

From the brecder” siew point, e maporiant o s the b e preferences and even
to foresee the chanemy trends in order (o b e the nes calin i more popular and aeceptable.

Advances in Tropical Chinese Cabba se Heseasch

Genetical and breeding aspects of heat tolerance.  The aptitum mean femperature range
for head formation of heading Clunese cabbage is 15910 207C In the lower latitudes of tropical
Asia. this vegetable is usually produced in the ceol highlands (Opena and Lo 1979).
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The criterion for heat tolerance in Chinese cabbage has been defined interms of compact
head formation under high temperatares (Opeia and Lo 1979). Screening for this special trait
at AVRDC involves field evaluaticn during the hot. wet season, irom May to September, during;
which minimum temperatures are normally above 21°C. Evaluation of the AVRDC Chinese
cabbage germplasm for heat tolerance (Fig. 16) and other major traits required for the hot, humid
areas has enabled the selection of celite genctic stocks for breeding (Opena and Lo 1979, Opeiia
1985).

Figure 6.

Cross section of heat-tolerant
(left) and heat-sensitive (right)
Chinese cabbage plants grown
under high-temperature condi-
tions. Head formation fails in
the heat-sensitive one.

Heat tolerance in heading Chinese cabbage is inherited in a relatively simple fashion (Opena
and Lo 1979, Opena and Lo 1981, Opena 1985, Yoon ¢t al. 1982), thereby rendering a
straightforward genetic transfer. However, other important characters like head vield and discase
resistance need to be combined with it in the breeding program.

The breeding philosophy to derive high-vielding, heat-tolerant varieties of Chinese cabbage
has been extensively discussed (Openaand Lo 981 Yoon 1987), Fundamentally, the kev to
achieving high yield depends greatly on broadening the genetic base for heat tolerance to enhance
heterosis. The gar 2tic diversity among the tropical, heat-tolerant gene pool was found to be
narrow and to “enrich” such genetie base they were, therefore, crossed with unrelated cultivars
carrying other important traits, such as discase resistance. Populations developed through mass
selection from these intercultivier crosses served as sources of new heat-tolerant inbred lines
for aevelopment of Fy hybrids and/or open-poliinated populitions. Hybrid vigor for head
weight, the principal component of yield, among crosses of these new inbreds was substantial
(Opeiia and Lo 1981). High-yiclding open-pollinated populations were also synthesized from
intercrosses among the new inbred lines.

Yiceld improvement in the new tropical Chinese cabbuge cultivars developed at AVRDC
has been appreciable. Whereas old tocal culuvars, previously grown by Larmers during the
sunmier season in Tatwan, normally yield about 8-10 t7ha, 32-35 days after trunsplanting, the
new hybrids and open-pollinated varicoes can yield three times as much in the same growth
period (Opena and Lo 1979),

Some hybrids and open-pollinated varieties from AVRDC have been officially released in
Taiwan, the Philippines, Japan, and China. In countries like Koreu, the national programs have
utilized AVRDC's inbred lines in developing locally adapted hybrids. The performance of the
improved heat-tolerant Chinese cabbage has also been outstanding in other tropical countries,
although the problem of seed supply has been a persistent dilemma preventing their outright
release.

Physiological bases of heat tolerance. The heading process in Chinese cabbage plays
a major role in deciding yield under high temperatures (Kuo and Tsay 1981, Kuo et al. 1988).
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Leaf turgidity is a prerequisite for Teaf erection, hooking, and eventual head formation (kato
981, Kuo and Tsay 198 1). Heat-tolerant cultivars maintain leaf turgidity undef high temperatures
(Ruo and Tsay 198 1) head formatien ot high temperatare relies more on the plant’s water balance
rather than on its photosynthetic source (Kuo et al. 1988). Heat-tolerant varietics utilize more
water than heat-sensitive ones at feal erection and hooking stages. This difference is due 1o the
rapid root growth and extensive root system of heat-tolerant genotypes. In fact, all heat-tolerant
varieties had Tower shoot root ratios than heat-sensitive varicties (Kuo and Tsay 1981). The
extensive root growth in heat-tolerant varietios may facilitate greater water uptake. Their initially
high water uptaie may conceivably be required to enable high trgor in the leaves so that heading
can proceed normally at high temperature.

Furthermore. available data support the importance of thick leaves for head formation of
heat-tolerant varicties (Kuo and Tsay 1981, Kuo ot al. 1988). The absence of adequate drought
avoidance in the fornyof a surtace barrier of low water permeability ., due to high stomatal number
in the feaves of heatsensitive cultivars, may contribute to their rapid dehydration and inability
to maintain twrgor athigh wemperatare, Less leaf surface area per unit shoot weight of the thick-
leaved varieties may also decrease transpiration and consequently mmprove the water cconomy
of the plant.

Heat-tolerant Chinese cabbage plants contain more electrolvies tan heat-sensitis e ones (Kuo
ctal. TORB). A fower osmictic potential is also responsible for maint tining turgor when the water
toss oceurs due to high wemperatare. Thus, high clectrical conductis iy due to high coneentration
of clectrolytes i the leai” sap of heat-tolerant Chinese cabbage phkints. should lead to the
maintenance of higher wrgor with a plentitul water supply . 1 turgrdity is well maintained. initial
heading processes. such as feat erection, should proceed normally - High chlorophyll content
i the outer leaves of heat-tolerant Chinese cabbzoe plants may also fucilitate the photosynthetic
rate, thereby increasing carbohvdrates for use as the source of clectrolvies or energy for the
heading process,

The most important protective mechanisms that Chinese cabbage plan— we adapted for
head formation under high temperatures are summarized in Figo 17, Some ot these protective
mechanisms (e.g. increased Teal resistance which reduces photosy nthesis: decreased osmotic
potential which reduces availability of photosynthate: or increased ion uptake which reduces
energy avatlubility) are fronically also detrimental o high productivin : thus. the average head
size appears smaller under high temperature than under low temperature conditions.

[t iy reasonable to surmise that heat wlerance in Chinese cabbage is strongly associated
with the water relations ol the plant. Conventional psyehrometry o measure the water status
and water potential is not suitable for Chinese cabbage. however. so an indirect method like
character association might offer i viable alternative to seleet for heat olerance. The relevant
morphologicitl traits to aim for in selecting for heat wlerance are: (1) thick und dark leaves.
and (2) vigorous root growth, These are essential in sustaining leaf crection for head formation
under high temperature. Other taits showing association with heat tolerance may not be penerally
inferred as such because the heat-tolerant materials in these studies were almost exclusively from
Taiwan which hud been previously selected for the Tocally preferied morphology.

Resistance to major tropical diseases. Varictal differences in reaction to artificial softrot
infection have been observed: however, no reliable source of resistance has been suceessfully
exploited thus far at AVRDC. An aceeptable alternative 10 softrot resistance was achieved by
developing carly-maturing cultivars which are able to escape the discase. Many AVRDC hybrids,
such as hybrids 58, 62, R2-156_ and 82-157 are carly maturing and heat tolerant. cnabling them
to escape softrot infection and to perform well during the hot. humid scason.

The development of TuMV-resistant genotypes had depended previously on complex infection
until a specific strain concept was established. Five distinet strains of TuMV have been reengnized
so far, and resistance o TuMV strains C-1, C-2, and C-3 among Chinese cabbage germplasm
has been identified (AVRDC 1981). On the other hand. resistance to strains C-4 and C-5 in
Chinese cabbage is rare, having been observed only in B 730 (AVRDC 1981, AVRDC 1985).
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Figure 17. Protective mechanisms against heat stress during heading stage of
Chinese cabbaye.

Another usetul accession. B 708 (PE418957). carries immunity to strains C-1 and C-3 and
resistance to C-2 and C-4 (AVRDC 1985).

A considerable level of resistance is achieved by regularly exposing accessions, breeding
lines and segregating populidens o downy mildew (DM epiphytotics, cither under field
conditions, in vitro inoculation, ar both, An in virro technigue using sporangia production on
detached cotyledons from the seedling stage, inoculated and incubated for 12 hours at 14°C,
promises 1o be a useiul 1ol to sereen a farge number of seedlings under controlled environment
(AVRDC 1985). The most protaising sources of DM resistance used at AVRDC were Korean
introductions, particularly B 742 (AVRDC 1981). B 639 (Hakuran). a synthetic amphidiploid
between B. campesiris subsp. pekinensis and B. oleracea. has also shown excellent DM resistance.,
and has been the important donor parent in a backeross prograny to transter the resistance o
B. campestris subsp. pekinensis (AVRDC [9R5).

Some of AVRDC's hybrids, ¢.g. 58, 39, and 62, as well as open-pollinated populations
like 77 M(3)-27 and 77 M(3)-35, carry varying levels of resistance to downy mildew, whose
inheritance is polygenic, and twenip mosaic virus (AVRDC 1981). In somie cases, the hybrids
offer better and more durable field resistance levels, particularly to downy mildew, than local
cultivars (AVRDC 1986, AVRDC 1987b).
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Pollination Techniques

In Chinese cabbage breeding, it is necessary to artificially control pollination in ordér to
achiceve the desired type of mating. The forms of pollination control include cmasculation and
hagging of pollinated stalks, spatial isolation, or isolition using greenhouse. nethouse or movable
netcages. Inall forms the mam purpose is o avoid pollen contienination so that only the desired
type of mating takes place.

Preparations for pollination.  The plant material and wols needed ior pollination, and the
right temperature Tor pollen storaee are discissed below |

Plant material:  [Uis very important to seeare an appropriate nueber of mtlorescences
of reasonable vigor o complete pollinations o ditterent combinations on the same plat, Pinching
ol man stemand prinaey branches alows the primary and secondiny brmnches (o SrOW
vigorouslys The optimial thine tor proching rat the onset of Howeriage o the fowering stalks
to be removed.

Inamy wiven penotypesthe carhier the plant s subjected o vemahizanon, the Tess vigoious
the plant becomes, The vernalizaton reawtment, therefore, as o he seheduled carclubly o obtain
vigorous female phint that can support normd Howering and seed development of ali thieir
pollinated branches. Petben sonrces e to e secured it or betore the floveerny peak of the
female plants,

Pollen storage:  Brasvica pollen. whivh bae ek proniented pollen coat airounding
the grain. usually have awater content ol 18 2270 T remains viable Tor ahout one week at 20 C
i stored iesmadl closed vlass contaimer (D ctal 1983 Pollen quality veneraliy dinnnishes
rapidly at roonm emperatire . Numerons aticmpts have been made o store pollen under conditions
that will mamtan its viabaliny tor hreeding purposes However the factors influencing the viability
of Brassica pollen have proved elusive o understand and control satisfactorily . Furthermore,
there is o great difference between polten viabiiny and the abidine of pollen grain o fertilize:
the capacity ofa pollen erain to fertihze s probably beter immediately atter i dispersion rather
than several davs after storage.

ATAVRDC Chimese cabbge polfen is collected using honey hee thorases which have heen
previousty cleansed with tap water and sterilized by 7040 ethanol Toliow iy procedures described
by Williaras (1981). The pollen-bearing thorases are then put in a sealed jos containing silica
gelas a destecating agent. This par is then stored inatreezer 0 T 0 170 Thivueh ihis
means. pollen can be stored withont dvastic degeneration i viabilits tor three to four months.,
Betore using the pollen tor pollimation. the container is moved out ol the freeser and hept in
acrefrigerator i about 3 C tor several hours aad then Gt reone temperatire for 30 min or so.

Tools:  Label. pollination bag. forceps, pencil.methy Falcohol. and cotion wid Gin petri
dishy are essential supplies requined at pollination tme (Fig. 18).

Selfing.  Sclfing is cosentiad o develop mbred Tines that are uniform for many horticultural
traits, and homozy gous for S-alleles. This mating scheme also provides full-sib progenies for
testing in-association with some selection methods 1o improve apen-pollinated cultivars.

The flowering stalks o be selfed are bageed atier removing the old owers that may already
have been contaminated with forcign pollen (especially if flowering plants are not kept in
isolation). Self-pollination may he undertaken immediately or a few days thereatter. depending
upon the purpose of seling.

Without consideration of self-incompatibility: 1 selling is done solely to produce
selfed seeds regandiess of tests for other factors such as self-incompatibility, one may immediately
opei the young buds to expose the stignia for outright pollination. A pair of sharp-pointed forceps
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Figure (8.

Tools commonly used in emascu-
lating and pollinating Chinese cab-
bages. From top left to bottem
right are: (1) alcoho! bottle; (2)
paraffine bags; (3) petri gish con-
taining cotton ball impregnated
with alcohol; (4) clips; (5)
toothpick with bce thorax; {6)
glass ball; (7) labels of different
color and shape. (8) forceps; (9)
pencil and (1C) brush.

Facrtates the opening of buds. 1 a “clean” sourcee of pollen of the same plant is already available
(either from storage or fresh from the plant. the newly opened buds may be pollinated right
away by using a soft brush dipped i the pollen mass or brushed against fresh flowers with
dehisced anthers. Alternatively . one may colleeta dehisced anther with foreeps and rub it lightly
against the stigma. The pollinated stalks are then covered with o waxed paper bag (or glassine
bag). secured by a clip and properly Tabeled as w0 its identity . date of pollination. type of
pollination cte. The bags may be removed oncee the siliques have sutticiently developed., after
which no obvious fertitization of the exposed stigmas can oceur.

Very small buds have poor seed set potential and should not be forced open. To avoid
confusion, the tip of the flower stalk bearing the immatare buds that need not be pollinated should
be pinched off with foreeps.

With consideration of seif-incompatibility: If scifing is intended 1o produce selfed
progenies and at the same time to examine the selt-incompatibility behavior of a plant. the bagged
Tower stalks should be allowed to develop for several days so that more fresh, open tlowers
are available. Self-incompatibility is strongest on flowers that are from a day old to a dayv away
from opening but this age range can be influenced by temperature and humidity (see Modifications
of self-incompatibility expression. p. 23). The general procedures of selfing are similar as above
exeept that open flowers are included in the pollination. Freshly opened flowers are generally
used also as a pollen source. Very old flowers and exceedingly young buds are pinched off
from the inflorescence. Again. bag the selfed stalks. In the pollination tag. additional information
on number of selfed open flowers and number of selfed young buds is included. The seed yield
data on open flower pollination and bud pollination indicate the plant’s level of self-incompatibility
and relative hud fertility. respectively (see Detection of seltf-incompatibility, and Isolations of
S-allele homozyyotes, p. 26 and p. 28, respectively).

Crossing.  Flower stalks in the two parents designated for hybridization are biugged to avoid
contamination by foreign pollen. This is especially advisable if flowering plants are not kept
in isolation rooms. Again, open tlowers of both parents are pinched off prior to bagging. In
the intended female, unopened buds are emasculated by pulling off the six anthers with the aid
of forceps. Immature buds are also pinched off. Likewise, buds that are about to open are avoided.
I *clear” pollen grains from the intended male are already available, pollination may be done
soon after emasculation. Otherwise, the emasculated flower stalks may be bagged and pollinated
the next day when pollen grains from the male parent become available: alternatively, one may
forego with emusculation and pollination uniil appropriate flowers are available from both parents.
Again, the lapel should reflect the identity of the cross, date of pollination, ctc. Bagging after
pollination is necessary, even in isolation rooms, to avoid accidental contamination.
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Color plate B: Important fungal and bacterial discases of Chinese cabbage 1 bacteral softro,
(b) clubroot, (¢} downy muldew, (dy Alternara leaf spat. and Sclercina rot on
(e) head and (f) flowering stem
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Although female parents used in hybridization may carry strong self-incompatihility, it is
still advisable to emascalate them unless the purpose of crossing is to produce a snall amount
of Fi-hybrid progemes for combining ability tests.

Isolation methods.  Chinese cibbage is insect-pollinated and, therefore. seed production plots
of different varieties must be spaced at least 1.000 m apart. This spatial isolation requirement
is @ major hindrance when many different stocks are being multiplicd such as in a breeding
program.

To avoid contanunation plants for routine selting or crossing may be kept in an inseet-proof
glasshouse or nethouse. Bagging of pollinated stalks can further reduce the chance of
contamination. Movable inseet-proof cages can alse be constructed of nylon nets and these can
be used repeatedly for small-scale selfing. crossing, or even production of hybrid seed in smat]
lots. For relatively furge-scale Fy hybrid seed production involving several combinations, a
semipermanent or permanent nethouse with suitihle partitions is useful. The nethouse may also
be used for ather types of pollination. A partitioned glasshouse serves a sinilar purpose. These
subdivided structures can also be used for Jarge scale maintenance of several inbred lines using
bud pollination. It this is wided by gas treatment such as CO L g partitoned glasshouse is most
appropriate.

In commercial hybrid seed production, spatial open field isolation is used to produce large
seed amounts at low cost. Olten, such seed multiplication is done on a community basis where
seeds produced within a tocahiv are of the same cultivar. Other techmques of isolation may
be applied depending upon the circumstances.

Breeding Methods

Genetic improvement in cracifers takes much the same torm as in other outerossing species
by virtue of their similarities in population structure and organization of genetic variability, The
principal methods by which new varieties of cross-pollinated crops originate may be classified
nto four broad sources: (1) introduction; (2) selection: (3) hybridization: and (4) development
ol synthetie varicties.

Base materials for improvement may be open-pollinated cultivars coming from introductions,
populations derived through hybridization, svothetic varieties. or other genctically hroad-based
stocks. The most fundamental requirement is that these breeding materials are geretically variable
and possess the importnt characters that breeders ainy to fi in the mproved cultivars. Onee
these preconditions are met. the rest depends entirely on the breeders. This is where the breeder's
skill i visualizing the ideal type (given the presence of an effective selection reginme) and in
applying the most appropriate selection methods usually come imo the fore.

The selection methods commaonly applied 1o crucifers arc, as in other cross-pollinated crops,
always based on a population concept. In cross -pollinated crops. individual plants are seldom
used to establish a variety because searegation and cross-pollination make it impossible to mainzain
a distinet type: moreaver, a wider range of genetic diversity than found in a single plant is
generally necded o maintain o vigorous population. With the possible exception of early
cauliflower varieties, crucifers gencrally safter from inbreeding depression: therefore, techniques
such as pure dine breeding to develop cultivars for outright release is never undertaken except
as @ means of obtaining reproducible hybrids. The essential features of cach of the selection
methods are deseribed below,

Mass selection.  The main purposc of miss selection is to obtain a high frequency of superior
genotypes within the population. It is a selection procedure in which individual plants with
desirable traits are chosen from the base population. and allowed to flower and interbreed together
without control of pollination (Fig. 19). Seeds from these plants are then harvested in bulk without
the benefit of a progeny test to constitute a new base population for selection. Mass selection
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Schematic diagram for procedures of mass selection.

may be carried out repeatedly (‘eyclical” mass selection) until the breeder deems it no longer
worthwhile to carry on further selection, either because selectable variability has already been
exhausted or, the achievable response to additional sclection is no longer commenstrate to the
cfforts. The sceds of a number of superior plants are then composited. planted in an isolated
plot to mate at random. znd then harvested in bulk to constitute the roundation seed of a new
variety or new hase population for further mass selection.

Since the mierits of plants selected to contribute to the next generation is based solely on
shenotypic appearance, mass sclection is mostly effective in improving populations for highly
heritable characters. I mass selection is to be effective, it is necessary that genetic variability
exists within the mixed population. This technique is ineffective, however, to change populations
for traits that are controlled by many genes, in which cach exercises a small effect on the
phenotype. and which are highly influenced by environment. Nowadays, mass selection is used
largely to maintain cultivars.

The ineffectiveness of mass selection to improve traits with low heritability results from
three midn causes (Allard 1960): (1) inability to identify superior genotypes from the phenotypic
appearance of single plants; (2) lack of pollination control so that selected plants are pollinated
by both superior and inferior pollen; and (3) strict selection leading to reduced popuiation size
is tantamount to inbreeding depression. The secoad limitation above is not critical in crucifers
because selection for the superior phenotypes may be done prior to flowering, and, therefore,
intermating may be restricted among only the selected plants.

Mass selection is the simplest and perhaps. one of the oldest of the selection techniques.
It is relatively simple for the breeders to select and composite seed from what appear to be
phenotypically superior plants. Also, new varieties can be developed rather quickly. Since the
improved strain will not differ greatly from the parent variety in the range of adaptation, less
time is required for testing than with new breeding materials. Many varieties of cabbages and
allied crops have resulted from mass selection,
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Family selection. As in mass sclection, the selected plants are allowed to flower and interbreed
together without control of pollination. In family selection, however, the open-poliinated seeds
from cach selection are harvested separately 1o constitute a “family". Thereafler, the families
are planted side by side for comparison of their performance and orty the best families are used
in further selection. Plants selected from the best farilies are propagated together, especially
il they resemble one another. A model for the family selection procedure 1 given in Fig, 20,
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Since further selection is continued only amonyg the progenies of geneticaily superior plants,
family selection is more efficient than mass selection. It care is taken that sutficient numbers
enter into every new generation, and that testing of progenies sefficiently negates the influence
of environmental factors, family selection could adzquately address most of the limitations of
mass selection, '

Family selection is as simple as mass selection and requires litde special equipment. Applied
to cole crops. it can give very good results. T can also be used to maintain varicties. For the
commercial seed production of an open-pollinated variety. it is an attractive method.

Maternal line selection. Phenotypically superior plants are selected from the original
population and allowed to breed inrer se as in miass selection. At this stage, the best ol the superior
plants are planted in the center of the seed production lot. Seeds harvested from each of these
best plants constitute a maternal line in the next selection cycle. Maternal lines are evaluated
for théir performance and individual plant. are selected only from the superior lines: the best
. . . [ . . - . . .
plants from the superior maternal lines are again placed in the middle of the seed-production
plot where natural open pollination is allowed among the selected indiviguals. This method is,
therefore, like mass selection in the pollen-parent selection phase, while somewhat similar to
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family selection in the maternal-parcnt selection. A model for maternal-line selection procedure
is illustrated in Fig. 21.

Maternal-line selection is effective tor highly heritable traits and recommended in improving
heterogencous open-pollinated cultivars: considerable improvements in uniformity and carly
maturity of open-pollinated Chinese cabbages have been made with five to six cycles of this
procedure (Shinohara and Sugano 1958).

Recurrent selection. In family sclection, the superiority of selected individuals is judged
from the performance of their open-pollinated progenies. 1t is generally agreed that a progeny
test such as this provides i more accurate measure of the breeding vatue of an individual, rather
than the phenotype of an individual itsclf.

The progemies lor testing may be produced through different mating designs. They can be
open-pollinated seeds of selected plants (as in family seleciion), selfed seeds of selected plants,
or established through other forms of test crosses. e.g. topeross, polycross, diallel cross, paired
CTOSS, LI,

Many of the above techmques are very laborious and generally applicd to crucifers only
in limited circomstances: therefore, they ave pot discussed i this bulletin. However, the use
of recurrent selection with topeross as a progeny-testing micthod is described here.

Recurrent selection, as its name implies, involves reperted selection on intervening
populations derived from interbreeding of selected individuals in order to accunltite the desirable
genes for a particular quantitative character without marked loss of penetic variahiliyy. The general
procedure is to select frem a genetically variable population the individuals that are superior
for the character under consideration. The selected plants are selfed and  test-crossed
simultancously (Fig. 22),

Selections to be interbred in order to constitute the next eycle are decided on the basis of
the testeross performance. 1 a genetically broad-based tester (e.g. open-pollinated varicties)
is used, recurrent selection is tor the general performance ¢t a strain in i series of crosses or
“general combining ability . With o narrow-pased tester (e.g. homozygous inbied line), recurrent
selection is for the performance of a strain in a specific cross o1 “specific combining ability "
On the other hand. reciprocal recurrent selection ensplovs twe broad-based populations as
complementary testers and provides for selection of both general and specific combining ability.

The recurrent selection method adopted at AVRDC to improve the tropical Chinese cabbage
open-pollinated cultivars involved phenotypic selection for large head size during the hot, humid
seison. Approximately 109 of cach original population was selected. All selections were brought
to flower in the greenhouse during the coel season, selfed and at the same time, each was crossed
to an open-pollinated tester. The progenies frem these test crosses were then evaluated for general
performance {especially head weight and yield), in replicited plots. Based on topeross per-
formance, only the best 209 of the initial selections were chosen to contribute to the next
generation, giving an overall selection intensity of 2% . To interbreed the superior selections
whose merits were judged from the general combining Lbility test, an equal number of selfed
seeds per selection were mixed thoroughly, planted, brought to lower together, and alfowed
to interbreed. Bulked seeds trom this isolated plot were then harvested en masse 1o constitute
the next cycle seeds. The procedures were repeated for the next recurrent selection cycle.

Recurrent selection for general combining ability was effective in increasing the head weight
of tropical Chinese cabbage although response was dependent on variety (Opeiia and Lo 1981,
Yoon and Opena 1977). Seme local varicties responded significantly to selection while others
did not. Tropical Chinese cabbage cultivars, especially those collected in Taiwan, have undergone
some form of selection by the farmers themselves, often in a rather reduced population size.
Tnercfore, the variability necessary for further selection may have atready been reduced, if not
entirely exhausted, in some cultivars.

Backcross method. In some instances a well-known variety may lack a certain character
to make it an outstanding cultivar. Breeders may cross this variety with a known source of the
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Figure 21. (left)
Schematic diagram for procedures of maternal-
line selection.
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Figure 22, (above)
Schematic diagram for procedures of recurrent
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desired character to develop a new cultivir possessing that trait. Breeding techniques such as
mass selection, family selection, or other methods using elaborate progeny tests may be applied,
as the case may be, o obtain the unproved type carrying the desired traat in fixed form and
in combination with other good horticultural wtributes. It the breeding program has a broad
range of objectives and the variety in quesdon already carries most of the desirable characters,
the use of the backeross breeding miethod would be the most appropriate and cffective.

In the backeross method, the Fyogeneration of the cross between the variety lacking the
desired character and the source or donor parent is crossed back to the former (referred to as
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recipient” or Srecurient parent . Bacherosses 1o the recurrent parentare then repeated for seseral
gencerations. nahmy saee it m cach msemee. e characier ander transter s not lost,

The hacheross method osimple e desired trant e controlicd by o wngele dommeam gene,
I cach bacheross ceneration. sucha caractec sl express tseltand st hit backerossmg mi
be carned ontatter drcnding the backeross seoresans which do not cann the vene 1 the destred
b s contioted By csmple recessie cenes s necessany o proceed o the Boceneration
ol cach backeross oothan the mdivduals possessine the d soed vene can be rdemified.
Alternatively o senemtons of i herossdre iy be mteispersed with oo cle of back rosa
Pooprogemy tests bedore procecdimy T P e tenmed the bind bichores” method . In
thes method s important wuse arehay el breee saniple ol plants miomiatins every bacheross
reneriion v ovder o mioiimze the chance of keepiy mdn duals cirovme the deared eene
i the saniple.

Flic namiber of backerosses o the recurrent parent depends upors the cinn of the brevder
Moone extreme. asizable reconstiition of the recurent penctic hachprauad may be desired.
Tethes case tie number of bucherosses should be no dess than tis e and coald be s highoas ten.
Phe tinal productis avariens that strongly vesemnblos the recurrent parent but careies the RTINS
dostable it A the other extreme. a eertam amount of recombination between the donor and
fecurient parents naay be desired especially b the tormer bas ather desizable characters aside
from e spectiie it under transter. A few backerosses, possthlv two o four, may then be
totlowed by ather selection methods o iy the desteed vene e combiation with the ideal
hortcalturai topes ansimy from the venctic recombination betw cen the donor and recarrent patrents.,
ot seheme the resemblance between the recurrent parent and the find Bacheross derivatiy ¢
will not be s strong as incihe full backeross

Fhe advantages of the backeross method are as follows s predictable and repeatable;
s relatively rapids previous eans are preserved mtact: the program may be mdependent ol
the environment: and the evaluation of backcross dernved varicties may not be essential.

Hybrid Breeading,

Whenother systems of selection il o stabilize or (5 desired characrer i the population,
selting s the ultimate choiee aniong progeny testing methods. fs applicabilite as o breeding
method by atselt dine selection) s limited. however, hecause Brassica crops frequenty sufter
from strong inbrecedmg depression. fncrops where seleated plants nuay he vegetibvedy propagated.
selfing is aovers powertul ool to recognize hieterozysotes carrying an undesirable recessive factor .
Fhe breeder can thes Gl back o the vegetatively nmiined selection o reconstiile o new
populition for selection. Apart frony s role as o powertul progeny iesting ool selfing has its
mostsigmlicant contribution wy the des clopent of uniforny whred lines for iy brid production.
By virtue of having niantainable inbred hnes. hyvbrid varieties can be reproduced tine alter
tirne. Hybrid vanieties in cruciters have several advantages They are qualitatny ey and quanti
tatively better than standard open-poliinated varicties interms of carliness, antformity, and
productivity dhaes 230 With respect o discise resistance, itis far quicker to paoramid more genes
mto By by hods especially i resistances are governed by domaant genes. Throneh the seltmg

process. iy undesiable recessive genes wre eluninated from the progenies

Important considerations in a hybrid program. The overwhelmimy advantages of |
hybrids over standard vasieties oy cultnvaed crops. especiadhy anony OUILTOSSINE Species,
are often considered as compelling reasons o cinbark on hiybrd breeding . Howea o, brecders
must take stock ot the corcumstanees betore Bally setthig on o decrsion o develop hybiids,
instead of stndand cultvars, These impornt cncimstaees are disetssed here wath oecasional
references 1o the Chimese cabbave improvenient procian ar AVRDC,

Utilization of hybrid vigor:  The dranmatic improvement m the perlormance of
hybrids s one of the most important, alithough not the only criterion i opting for Fy-hybrid
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Figure 23.

Comparison of head size of an
Fi hybrid (center) with that of
two parental lines.

development. In many crop species, hybrids often give higher vields, improved earliness, and
uniformly better quality and discase resistance than standard cultivars. There are instances,
however, when hybrids have been produced even without the above advantages as long as a
high premium for other aspects of consumer acceptability exists. An often-cited example is the
developrient of sweet corn hybrids in the United States where consumers are known to have
a high regard for untformity i size and general appearane: of marketed cars.

The interest on hybrid development of Chinese cabbage at AVRDC was dictated, in Large
part, by the need to substantially increase the vield of heat-tolerant cultivars. Hybrid vigor in
Chinese cabbage. about 20 to 505 better than parents. is of course well-known. Although heterosis
was mininal among tropical varicties to warrant its immediate exploitation, appropriate genetic
manipulations enabled its maximization and dramaticatly improved the performance of heat-
tolerant Chinese cubbage hybrids (Opena and Lo 1979, 1981).

Availability of mechanism for hybridity: A good portion of the cost of hybrid seeds
results from the cost of seed production and maintenance of parental inbred stecks. Breeders
must, therefore, tahe into account the presence of o suitable mechanism for hybridity so that
hybrid seeds may be produced cconomically and released 1o growers at a reasonable price.

Hybridity mechanisms may come in the form of self-incompatibitity. cytoplasmic male
sterility, genic male sterility, dioecy or other svstems (see Sett-incompatibility. and Male Sterility,
p. 19 and p. 32, respectively). Hoa suitable mechanism is absent or undeveloped, the decision
to initiate a hybrid program must be weighed very carefully. Often, prolificacy in seed production
becomes an important consideration as the hybrid sceds will have to be secured through manual
means. Good exaniples of this case are abundant among the hybrid seed programs in self-pollinated
crops like tomato. pepper. cggplant, ete. In some instances genic male steritity among these
crops may be utilized to dispense with the need for emasculation.

Among crucifers. self-incompatibility s widespread and the question of o suitable scheme
is hardly a moot issue. Nevertheless, the strength of recoverable S-alleles. in relation to the
best avatluble environment for seed production, should be considered.

cadiness of the market for hybrid seeds:  Somectimes, the advantages of hybrids

over standard cultivars are not sufficient guarantees for the acceptance of hybnd seeds. This

sttuation is often met in the marginal arcas of production where reliability, rather than maximum

performance of varieties, is a virtue. Farmers in these areas generally save their own seeds from

year to year. Open-pollinated varieties, or other genetically variable populations such as synthetic
varieties, are comparatively more successtul here than hybrid variceties.

Even in nonmarginal areas. the capability and willingness of growers to allocate extra input

to meet the cost of seeds must be considered. H farmers usually save their own seeds for the
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next season’s production, it must be clearly demonstrated that the use of hybrid seeds can casily
offset the additional costs of purchasing themi time after time.,

In the case of tropical Chinese cabbage in Taiwan, the overwhelming demand for hybrids
was largely attributable to the attendant risks of growing Chinese cabbage during the hot, typhoon-
plagued. monsoon scason. By virtue of their uniform maturity and carliness. hybrid Chinese
cabbage can be grown quickly und harvested colfectively, tius, minimizing crop loss due to
heavy rains and strong winds.,

The acceptabitity of hybrid topical Chinese cabbage in other tropical countries is often
questioned mainly because the technology and infrastructure for hybrid sced production are net
well-developed and that, even assuming aceeptability, farmers may not be able to atford the
extra cost of hybrid seeds. However it can be argued that technology is transferable and that
the additional seed cost may not be all too probiibitive because Chinese cabbage is smatl-seeded
(1 g consists of approsimately 300 sceds) and is usually grown only on a small scale.

Basic procedures in developing Fy hybrids. Finding the best Fy hybrid cultivars is not
purely a matter of chance. There are systematic steps involved in hybrid development and these
are discussed below. Again. the AVRDC hybrid breeding program for tropical Chinese cabbage
s referred 1o sometines as an lustration. Knowledge of the genetic bases for most, if not afl,
important characters desired ina hybrid is cosentiad and. for simplicity, it is assumed that this
information is generally aviizible o the breeder,

Sources of inbred lines:  Inbred lines may be desived from different sources. such as
open-potlinated varieties, synthetic varietios. mass-selected populations, recurrently selected
populations, populations originating from intervarictal crosses, ete. The choice of possible sources
1s wide: yei whon the breeding ob)ectives are tiken into account, there may be only a few viable
alternatives. Often, these are focally adapted, open-pollinated cultivars of proven worth which
carry a nuwmber. il not all, of the importane characte s of interest to the breeder. This is common,
espeaially at the hegimning of o hybrid program.

In more developed programs. inbred lines wre often sought from genetically improved
populations such as those arising from mass selection and recurrent selection. Individual plants
are selled through successive generations until homozygosity is reached, and the inbreds are
stable for morphological and physiological characteristics. For example, the inbred lines used
in the development of tropical Chinese cabbage hybrids at AVRDC originated from genetically
variable populations that were improved through mass selection for heat tolerance and disease
resistance after they were initially derived from intervarietal crosses (see Genetical and breeding
aspects of heat tolerance. p 36.).

Selection for combining ability and other horticultural traits:  Not all genotypes
derived from a source population will possess the desired aicking ™ ability or prepotency to produce
superior offsprings in combinution with other genotypes. 1tis, therefore, esseatial to identify
the lines with good combining ability. This could be done carly in the inbreeding process, thus,
allowing efforts to be concentrated on the few lines with superior combining ability. Alternatively,
the breeder may attenmip? first to stavilize the Hines for certain important triits, including selection
for strong selt-incompatibility. before they are tested for combining ability |

Each of the above-mentioned methods has its own merits and limitations. Early generation
testing of combining ability may save time and resources as further inbreeding is restricted only
to the superior combining lines. However, the genotypes under test are still highly heterozygous
and this often necessitates the use of large progeny samples in order to derive reasonably accurate
inferences about their combining ability. Otherwise. the combining ability in the later generation
may deviate greatly from carlier estimations. With genetically stable lines, this problem is
substantially simplified but the time and resources spent in the inhreeding of lines, with otherwise
inferior prepotency, may be prohibitive.

Assuming that the early generation testing scheme is adopted. the lines would be first tested
for general combining ability (GCA). The tester stock in this case would be a genetically variable
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population (¢.g. open-pollinated variety) and the type of test is called the topeross method. The
topeross progenies are then evatuated, preferably in replicated fashion, o determine the superior
combining sclections. Caly the best combining lines wre propagated further by selfing. These
few remaining tines are then tested in specitic combinations, either by crossing them to a conmon
inbred tester stock or among cach other. espectally if the number of alt possible combinations
is manageable. This specific combining ability (SCA) attempts o identity the best specific
combinations. The SCA test may be applied o all possible crosses among the selected GCA
lines accompanying the subsequent fixation procedures for two to four gencerations (o 1954).

Sinee the relative importance of GCA and SCA mayv vary among characters, it is more
efficient to emphasize the traits for which GCA s important in the carly generation and then
pay attention later to those traits where SCA has more relative importance. GCA is important
tor characters such as leat nimber and matarity but not for unit leaf and midrib characters (Yoon
ctal. T982). Among nudrib charactens, narrow sense heritability was found o be high for tength
and area and low for width and thichness in a diatlel study among temperate lines.

I progeny tests are o be applicd after the fisation of desitable horticiiaral traits and self-
incompatibility. a preselection for eeneral combimimg abiliny may be carried out initially o reduce
the number of lines o manageable Tevels. Agann, Tines would be toperessed o a genctically
variable stock Tollowing which. the opeross progenies would be evabined ina repiicated fashion
to select the superior combimmg Hines. A possible varation to topeross might be o allow all
inbred tines to mate at randonn molated plots. Openspollinated seeds of cach Tine may then
be hurvested separately and evaduared fov eeneral combining abilis through a polycross test.
The superior combmers from the GCA st are then evabuated tor specttic combining ahilin
by crossing them in all possible combinations or with conimon inbred testers. The best specitic
combinations for the traits desired e hiybrads are then carmarked tor release o growers after
stficient performance and seed production trials,

The metiod ol GOEAqest by toperossing. follow ed by the SCA test inall possible combinations
accompanying the fvdion procedure for two o fowr generations o 1934) or a maditication
of it in which ws many crosses as possible are applicd wmong Tines at the line-selection stage,
followed by the SCA test on all possible combmations among selected lines (Harnta 1937 are
both time-consumimg and laborious. Park and Hyan (1981) proposed a simplified testeross in
which stable parentul fines are grouped by some predetermined visual criteria and the combining
ability i carried out onany new inbred belonging (o a group by crossing it with a fixed tester
ot another group and vice versa, Although this scheme is mare time- and resour e-efficient,
ithas the possible limitation that the sosting of Hines according to some predeterniined criteria
may aceelerate the narrowing of genetic diversity among breeding lines. Such i diminution of
genetic varibiling may lead 1o the Toss of intermediate lines carrving important genes.,

Production of hybrid seeds: A hybrid combination with good potential for commercial
release should be adequately tested for its performance, not only in production fickds but also
inseed production lots. For this purpose parent lines are planted alternately (other schemes may
be used depending upon the circumstances) inisolated plots 1o produce the hybrid seeds for
such trials, Tuis presumed that by tis stage., only parent fines that have proved to be sufficiently
unttormare used. The hybrid seeds from this lotare then evaluated for the important characters
that new cultivars taust possess. At the same time, the hybrid seed logs are tested for sibbing
rate. Sibbing rates above the conunercially aceeptable standurd reduce the potential value of
the hybrids. However. decisions to discard or promote the hybrids must be bused on a thorough
analysis of the genetic and environmenial factors that may have influenced the seed production.

Multiplication of parental lines: T'he parent lines of hybrids that show good potential
for commercial release in the carly stages of the evaluation trials should be multiplied in
preparation for Large-scale hybrid seed production. This will involve either massive bud pollination
or other alternative schemes to overcome self-incompatibility (see Maintenance and multiplication
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of SLparents, p. 61y, In such a mwltiplication, bivtogical disturbances arising from bud pollination
and inbreeding, ¢.g. heteroploidy and other abnormalities (lizuka 1960y, should be noted. The
eventual use of these seeds in hybrid seed production must be accompanied by careful roguing
of off-types in seed beds and in the seed production field o insure that the hybrid sced ot is
not contaminated.



Seed Production

Environment

Environmental factors are important in the production of Chinese cabbage seed. The same
climatic factors which intluence the cultivation of Chinese cabbage as o market vegetable also
act on seed production. The favorable factors are as follows: low atmospheric humidity: minimal
rainfall: adequate irrigation: and optimusn temperature. Fusthermore, suttable daylength. pood
soil, adequate tertilization, and optimun sowing or planting time are essential. The role of bees
in pollination is also importani. Any bological response elicited by these factors will invariably
affect seed production. Plant charaeters such as divs o fowerimg, days to seed ripening, number
of branches, ; lant herght, raceme Tengthe silique number, seed number, and seed yield are
influenced by environmental conditions such s altilude. planting dateirrigation and fertibzers,
spacing, plant density, and temperatore.

To produce discase-free and high-quality Chinese cabbape seedo s adrisable o seleet
adry climate or at feast i season with i low air humidity . especrdls daving the seed-ripening
and harvesting stages. A dry climate discouriges disease deveioprent and fivors seed drying.
When humidity is high, as ina humid vopieal clinaie, spesial arrangements have to be made
for artificial arying and seed storage.

During the cultivation period for seed production, the control of pests and discases has to
he given caretul attention. The control of both of these factors in the humid tropics niikes the
production of good quadity seeds rather expensive.

The soil quality has also played a partin the development of seed production arcas: generally
only those foam soils with pH 6.0 t0 7.5 2nd o relatively high water-holding capacity are most
suited. Soil conditions are especiatly important when Chinese cabbage plants are lifted after
selection and replanted or young plants are transplanted into their finad sceding quarters. The
nutrient status o soils can be modified by application of appropriate micro- and micronutrients,
but those soils with a satisfactory nutricnt status and osatistactory cation exchange capacity
are most uselul.

The davlength reaction is very important for seed production of Chinese cabbage. Chinese
cabbage is i long-day plant and does not normally flower in the lowland tropics because the
change in photoperiod in the tropics is minimal (Fig. 24). However. it has been proven that
low temnperaiure can replace the photoperiodic requirement of Chinese cabbage to some extent;
thus, it can bolt and set seed when cultivated at high elevations ot the tropics, where the
temperature is cool.

Temperate Chinese cabbuge normally requires @ cold period, from a few days to several
weeks, below 57 to §2°C, for flower induction and development. The seed-to-seed or head-to-
seed method of temperate Chinese cabbage seed production, using natural cold periods, is not
feasible in the tropics, even at altitudes between 800 and 1200 m (Fig. 25). Chinese cabbage
must be either vernalized at the seedling stage or their mature plants uprooted for vernalization
in a cold storage, in order to induce flowering.

Tropical Chinese cabbage varicties, on the other hand. can produce seeds without requiring
very low temperatures. The vernalization requirement of these tropical types can be tulfilled
at rather high temperatures, i.c. near or below 20°C for a period of time, supplemented with
artificially extended photoperiod, can he effective: the temperatures at higher altitudes in the
tropics can usually satisty this requirement (Fig. 25). The establishment of precise temperature
and photoperiod requirements for each tropical variety at a specific location usually requires study.
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Based on the above criteria of climate. soil, and other ccological parameters, seed production
of Chinese cabbage in the tropies would appear to be difficult. However, there are already arcas
in the tropics where Chinese cabbage seed production has been proven feasible through appropriate
practices like proper site selection and other improved techniques: notable examples include
the Philippines, Tuiwan. and Thailand. This type of development is stimulated by e advancenmient
of technology generated by AVRDC. as well as by the national programs. and the economic
prospects for private seed companices.

Production Procedures

Head-to-seed method. This method is usually employed in the breeding process to develop
parental lines and examine the best hybrid combinations, or for breeder and foundation seed
production of open-pollinated varieties (Fig. 26). The plants jor seed production are grown until
head formation under the same cultivation method as commercial culture in order to select the
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Figure 26. Diagram of two different generation cycles (head-to-seed vs. seed-
to-seed) n relation to breeding and seed production of Chinese
cabbage

best plants. This method is not used o produce large amounts of seed because the seed plant
becomes aged. nor s it regnlariy practived for the breedes s eed production of inbred parental
lines because the seeds are already genetically pure.

Plant production: Sowing dutes depend on the locd environment, custom, and
cxperience with spec.dic varieties. Sowing should be timed so that the variety receives sufticient
vernalization, and that the plants flower and seed under suitable climatic conditions. Sowing
inthe flatat 5.5 cm = 6.0 cmospacing, and two to three seeds per spot is recommended. In
the case of simple nass selection. 20-50 times the number of needed plants are usually grown
to secure the ideatized number of sclected mother plants.

Young plats Irom the seed flats are transplanted when they have reiached the sixth o eighth
leaf stage. Obvious off-types in foliage characters, blind plants, and plants showing signs of
serious diseases are rogued out at this stage.

The spacing at transplanting depends on the vigor of the variety, The distance between furrows
bounding cach bed is usnally about 1.5 m. Each bed consists of two rows with plants within
and between the rows spaced 50 cm apart, respectively. A furrow depth of 20 ¢cm during the
dry season or 30 cm during the wet season is employed.

In case of parental line selection, the mature head is checked for characters such as shape,
relative size, firmeess, and maturity according (o the standard characteristics of the variety.,
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Leaf characters such as color, wrinkle. wmd pubescence are also examined. The desired plants

are then selected: the rate of selection ranges from 249 10 5% of the popolation,

Handling of seiected mother plants: Iy case of parental hne selection, the selected
plants wre caretully duy out o remove sosl from the root while heepig as much of the root
system intact as possibles The plants are then stripped of their Tower and cater Toose leaves.,
transplanted o the proswang pots (1 25 20 com wath sterde medinn. and tansterred into the
nethouse or cold toom which s cooled o 5 0 100 Cwih SO Rid tor vernedization, The upper
portion of the heads are then cut horzontadiy o one halt o one-third seenients and then cut
verticalhy 1o torm s pyranid aronad the heant of the head avanding injury (o the growing point

y o

and the inner vellow feaves e 1 Detnds et other inethods of cattimy heads are deseribed
by MeCattery ctad (19Son T abont aoveck . the tower leaves sl begin o abner ¢ Removal
of the feaves that have abacied i dore stepaose tron the busal o the upped feavesabont three
to four tmes fora peried ol tes wecksannd the ine setlow lewves st prowine cad turmimyg
green. The exposed poitowhere the leaves have been removed should be smediatedy dusted
with protectants such o ulinn powder Phints are eften watered by the dop rmigabon method
o avord eacessve mostires e seed stalbs develop, ey are [oosely tred 1o two 1o three
supporting stichs o protect the frntie branches trom lodzimg . Sticks of about 13 height
are drnven o the potsand the tume i strang bets cen the sticks 1o Keop the trintimg branches
moan upright position

Figure 27. Different methods of cutting open the Chinese cabbage heud for seed
production.

Seed-to-seed method. Commercial seed production usually adopts the seed - seed method
by which seeds are produced from seed plants which are induced 1o bolt and seed without passing
through the headmy strge thig 200 The advantages of this method are efficient land utilization.
on both i time and space seates and higher seed vield per unit arca hecause of lower softrot
meidence. Smee sinet selection ol seed prants tor varietal chanacteristios cinnot be applied
this method . the hreeder secds 1or muluphicaton should be vencetcalhy pure hetorehand.
Breeder seedsare either sown diveatly i the field with several seeds per il i case o sutticient
amount of breeder seeds avarables or i tie mmsery beds o be tansplanted ater in the fickd
i order o ethiciently andize the breeder seeds. The direct sowing method is less mtensive and
sutted tor Lirpesseale seed production: The tansplanting method provides an opportamiy o detect
certann ottty pe plants brased on color, shapeand wrmkle of seedling leaves, The tinie of selting
seedlings mthe transelanting method direetly mfluences the performance of seed production,
Spacings m the field tor both methods are 60 10 80 ¢m between rows. and 20 1o 30 ¢m
within rows. The final spacing depends on the vigor and branching habit of the variety hut a
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planting next to un old virus-infected crucifer field should be avoided, and weeds such as wild
mustard should be controlled.

No chemical is effective for the control of bacterial softrot. Fields with good drainage or
low water table may prevent discase incidence. The use of high beds, sparse population density,
straw mulch, and the reduction of inseet and mechanical injury can also minimize discase incidence
{AVRDC 1985, Fritz and Honma 1987). Softrot- and virus-infected plants must be destroyed.

Fungicide treatment is needed when downy mildew oceurs carly in crop development,
Spraying with Dithane M-45 33% (500 x) or Ridonnl M7 5850 (HX) >) once a week throughout
the prowing period until early flowering is recommended.

To reduce the incidence of Sclerotinia rot, deep plowing, keeping bed sarfaces dry with
careful irrigation, and removing weeds and infected crop residues from the field nay be helptual.
Spraying a few times with Ronilan (200 X)) at one-week iteivals also provides a good control
of Sclerotinia rot. Fungacidal sprays for downy mildew and Sclerotinia rot do not have any
significant harmtul effect on honeybees.

Beside aphids. dimmondback moth (Plurella xylostedlay is another serious pest problemn that
deserves careful attenuon. After merging from eeps, larvae of diamondback moth feed mostly
on the underside of outer leaves, chewing out smadl holes or at the growing points of vounger
plants. Conirol of this pest. thereiore, shoukd be based on the number of larvae. Insecticide
sprays (o controlb aphids and diamondback moth are harmfu! o honeybees. Theretore, it is
recommended to secure adequate control of these pests from the carly stage of growth and cease
spraying 7-10 days Uetore the bees are releasea. Microbial insecticide Buctllus thuringiensis
is etfective in controling dinmondhack moth witheut considerable harm to honevbees, and may
be used extensively after the introduction of honevbees. In the seedling stage, spray teflubenzaron
at the rate of 37.5 g a.i thae This treatneat will reduce pest population buildup. Incandescent
lights kept it at night, and pans containmg water which are placed unaerneath the lights in the
cage are cffective in trapping the adult insects and can be used as a supplementary control measure.,

Harves.ing and storage. The Chinese cabbage siliques ripen inmore ov less the sane
sequence incvhich the flowers open. As the seeds ripen, the siliques start o dry out. Dry Chinese
cabbage siliqu s have a strong tendencey to shatter. The Toss of seed from shattered siliques due
toampact between stliques and other plant parts and machinery . wind. and internal stresses brought
about by thermal effects and by dryving can be a major problem in seed production. This loss
may oceur before or durtg the harvest process (Fig. 28). One method used to reduce the toss
1s by windrowing of the crop just prior to ripening. Shattering resistance associated with lower
levels of Tignification of the sihque structure has been found in Brassica sp.. und his been
recommended for incorporation in the breeding program (Kadkol et al. 1984).

When a noticeable proportion of the silique have turned orange-brown, at which time the
seeds will not crush or split when rabbed between the hrads. the seed crop should be at an
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appropriate stage for harvesting. Many seed producers prefer to cut the ripening stalks and
continue to dry them in a sunny place. When 80% of the siliques have turned orange-brown.
the plants can be severed at the bottom. Several plants may be grouped in bundles and then
hanged on a pole for several days under the sun for after-ripening and drymg.

About onc week later, when all of the siliques are completely dried, the siliques are then
threshed on top of plastic sheets placed on level ground. The immature seeds. which cannot
be dislodged from the siliques and branch picces. are cleaned out by standard mesh Lieves or
winnower. Sequential sievings with 3.0 mm and .3 inm openings enible the removal of most
chaff particles. The seeds are then dried again on the plastic sheet under the sun.

The moisture content of fully dried sceds is about 129 Since the specific density of seeds
is higher than water, the healthy seeds should sink in the water. The average 1000-seed weight
of Cliinese cabbage is from 2.5 10 3.5 g; however, average seed size and weight usuadly decrease
with the increasing order of tflowering brinch (iang 1981,

Properly dricd and cool-stored seeds can retain good viability for three to four years sinee
seed aging, under these cond:tions, advances very slowly. The main requirement for seed storage
in a hot, humid climate is to prevent the well-dried seed from regaining meisture from the
atmosphere. Bagged seed i the retrigeration unit should be adequate to counteract the storage
problems.

Hybrid Seed Production

Mzintenance and multiplication of Sl parents.  In the case of Iy hybrid seed production,
both parental lines should be seif-incompatible but cross-compatible (Fig. 29). The reproducibility
¢ “hybrids depends absolutely on the presence of parental inbred tines that can be muitiplied
casily and cconomically. As the parental inbred lines are self-incompatible. their maintenance
is achieved mainly through the exploitation of the phenamenon of “juvenile compatibility’
(Kakizaki 1930). The self-incompatibiiity mechanism is not operative at the bud stage, and thus,
selfed sceds can be produced of pollinated two to three days betore blooming. Bud pollination
has been used as a routine technique to maintain self-incompatible inbreds. Multiplication of
parental stocks can ke done by artificial bud pollisation in the nethouse. Bud pollination. however,
is always laborious and expensive, For this reason, there have been attempts to find commercially
feasible ways to overcome sclt-incompatbility. Among alternative: means, sait and CO2
treatments seem o be the most promising.

Chinese cabbage is predominantly cross-poliinated althovgh some self-pollination can oceur.
Cautien is necessary to prevent possible contamination. Most authorities agree that an isolation

“%%s Figure 29.

_ ¥+ Seed production field of Fy hybrid
""" Chinese cabbage showing two pa-
rental lines with distinct plant
types. These parent lines are self-
incompatible but cross-compatible
with each other.
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A substantial norticn of the cost of hybrid seeds traces back to the cost of multiplyimg the
parental inbreds through bud pollivation. For this reason there his been consader thle mterest
in finding other commercially feasible wiys 10 overcome self mcompatibility (o 1981,

Carbon dioxide (CO.) treatment: The ciabon diovide treatment v cHective i
overcoming sel incompatibihing in Brassica. and has been saecesstully applicd o Freading in
B, campestris tDhadiaad ceal 198D B campesti subsp pekiziensts (Lee 19791981 Tao
and Yang 19861 aidd G napres CPhotpson 1978) 0 1t ercatly reduces the production cost of selted
seeds av compaied o bad polhination i Chinese cabbage (hee 19790 CO redtment, mn
combination w il honeybee pollination, can reduce the cost o production to-dess tuan halt that
of bud pollination Appheation ot 3% COzmthe wn oratleast tw o hoars begimnig two hours
after selt pollinanon of open Movwers s the most rehable and most economical treatment g,
30y, However, difterential response 1o €COx s been observed among sell mcompatible strains,
Generally - stronghy seltmeompatible Ties tended 1o have Tower fertihty under CO-reatimerit
than weakly incompotible Tares tho 19811 and the senots pes with more seed et on bud selfing
teral 1o he imore responsine o COLgeatment thee and Shin 1985) However e breahdown
response to COL treatient was more ikely i function of specific genoty pe response rather than
due 1o the stiength o selt-incompatbility atselt (hee 198,
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of CO; treatment.

Salt treatment: Recently. it was found that 277 to 37 NaClsoluiion was effective in
overcoming self-incompatibility of Chinese cabbage and other Brassica crops when sprayved to
the flowers at one-halt o one hour after pollination (Fao and Yang 9863

The salt treatment imethod (Fig. 31y is the simplest and most eltective among the proposed
alternative means to increase selt meompatible inbred Tines. This method seeims Tess aftected
by genoty pe or level of selfsucompatibility thas the COL treatment method . 1 combined with
bee pollination in the isolation cage, silique and seed st rate s genert ity much higher than
the CO» treatment method and comparable 1o bud pollination

Although this method s inexpensive and simple. the optimum concentration wnd time of
application may differ between plants and growing conditions.
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Figure 31,

Effect of NaCl spray on selfed
silique-setting on a self-incompa-
tible Chinese cabbage line.

Other methods:  Numcrous other mcthods have been stgeested 1o suriount the
meompatibility barrier, c.o. delayed pollination, irradiztion. chiemical teatments, electie-aded
pollination. and steel brush pollination. These methods ustadly imvolve cluborate weehniques:
thus, they may be applicable in physioiogical or genetic studies but are not recommended for
breeding and seed production purposes.,

Fdealhy Cthe most Livarble wechnique for the brecder would be (o niassiy cly propagaue the
parental ines o sobation under thermal conditions which promote self-fernhization of plants
having the same S alleles, O the other hand . commercral iy brid seed production would be done
under ditferent thermal conditiors. which il issare suriet mcompatibility. Untortunately, this
goal can be achicved invery vire cases only . since diere seems he i strong positive correlation
between the breakdown of mcompatibiliey of an S-ablele wt hieh wemperaiure and the veneral
incompatibility weakness of this allele. Thos, in Brassica the S-alleles which show strict
mcompatibility are very shehty Giacath) sensitive o thermal conditions, while those which
dre moreapt te become pseudo-compatible lose the’r incompatibility activity i hieh tempera-
tures. Nevertheless appropriate breeding and seiection iy overcome this undesirable correlation.

Insect factors in hybrigization. Three different insects. i.c. the honeybee, blowfly and
drone v, have been usea s pollinators in caged or bagzed Brasvica flowers.,

Horieybees are the best pollintor in laree-scale seed production. although they do show
atendency to selt=- or sib-polimate the parental incred lines. Colonies of 3.000 beer are effective
for Brassica pollination (Pearson 1932): small colonies made ap of twa standand combs are
used i pollination of Chinese cabbage in small cages at AVRDO Cages with Hitde space over
the canopy of the crops greatly encourage foraging on the flowers (Ellis ¢t al. 1981). Prior to
releace for new pollination work, bee boxes have 1o be closed For a certain period of time 1o
remove any possible pollen contamination. This period varies (rom one night 1o two full days
in the AVRDC Chinese cabbage hybrid program.

In commercial seed production, the beneficial effeet of honeybees in the open tield is to
provide stigmas with ample amounts of potlen and to masimize nybridity in the vesulting seed
lots through their thorouzh foraging of the Howering plants.,

Onacsmaller scale. blowtlies (Calliphora sp.yare knowt: to be more convenient w use than
honeybees. These are locally avinlable in many plices and can be reared using beel lungs as
the larval food. They can be used in celtophane bags (Smith and Mee 1984), and small cages
(Smith and Jackson 19706).

The drone fly (Eristalis sp.) can be used in cellophane bags, as well as in the open field,
as an alternative o the blowfly and honeybee. However, its natural distribution is confined to
the temperate zones, and its mortality increases with mereasing temperature and insecticide
application,
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Generally, the above insects are highly sensitive to most chemical insecticides. However,
spraying with a microbial insecticide such as Bacillus thuringicasis does not harm the hoacybee
and is still eftective in controlling diamondback moth and other Tepidopterous insects. Insecticides
such as Kelthane, Nicotine and Neotran are known to be relatively nontoxic to honeybees. Nicotine
fumigation kills aphids without great harm to blowflies. Demeton-S-miethyl applied in o water
solution onto the surface of the compaost in which the plants are grown, i taken up by the roots.
This will also etfectively kill aphids without serious harm to blowthes (Smith and Jackson 1970).

A low level of insect damage i have to be aceepted sinee there seems to be no insecticide
that is completely harmless o the inseet pollimators. Good inseet control before the release of
insect polinators iy vers important. No imsecticide shoubd be sprased tora period of one week
or longer prior o the release of pollinitors: othersise the residual tovicity of the insecticides
could significantly decrease the polhaator popuatution

General procedures for commercial hybrid seed producticn.  Commercial 14 hybrid
seeds are produced in isoflation durine the optimum season for seed production. A simplified

sequence of operations s as Totlows

FooSow parental nes onoseedbeds or iy appropride medunn, ey phistic pots. By pots, cte.
20 Where natural temperature tonot low cnough o vernadize the plants. seeds are sown in
petrn dishes Ted with Dher paper provionshy morstened with distilled water. Perrt dishes
are then mcubated at 240 C o tewo davs cond vernalized ot S O tor twe toosiv weeks,
depending on the enots pos Secds and allother materials shoubd be disintected i advaicee.
The petri dishes Bave o be watered periodiealls darme the meabation period. Provision
ol light and nutrrents durmy the incubaon period cannerease the survival rate of seedhmg s
when pricked. Dime hiebit and watering with Hoaghud solution are adeguate tor these
purposes. When the teatmient period s overs the petrn dishes are tiken ont of the cold
room and placed oo highied roonn tordimas roont tempeatare s for about haltaday before
pricking. Atter prickine scedhmgs should be beprunder pantial shade untid fully recovered.

Treansplant seedbings 1o the field e an appropriate time, depending upon the growth of
the seedlings Nopmad!s - this would be abouat thee o tour weeks atter sow g or pricking.
The tbred lines may be arranved alicrnatels or according o sonie presenbed ratios. Lines
showdd be properhy fubeled as to therr identity,

B Lines will beaw vy boltand Hower alter some ume. This period to bolimg and Howering will
vary with venoty pes and enviromment, Assuming that Tmes with sinnlar bolting requirements
were used . they showdd deall Hower at the sane time, Ordinarihy L wild bee populations
and other insects are ~utficient for etfective polhinauon. T deemed madequate, artficially
raised honey hees may be placed in the solated production plot for better seed set,

S.OWith effective bee Torsemy . the pollinanion penod should be completed inabout three
to four weeks. Under open field conditons insect pollinators will continue their activity
as long as fresh Towers are avanlable. 1t resoarees permit, stich late pollinations, which
miay have occurred when one o the othier fine has essentially fimshed fowering, should
he removed. These tate seeders often contain e bigh proportion of sibs (selfs).

6. Atharvest, individuad lines may be harvested separately and blended according to preseribed

proportions, or bulk-harvested o the field it this s found appropriate. I he hybrid has

only one parent with strong incompatibility - harvest only the seeds from this line and discard
those produced by the weakly incompatible Tne. However. this schenie is uneconomical
and should be pursued only under special circumstimees. Tnthis caselitis recommended

o discird all the rows with the weakly incompatibie pollen source o ihe end of flowering

of the female parent.

Problems and countermeasures in hybrid seed production. A good hybrid seed
production scheme has the folowing attributes: excellent purity of parental stocks: strong self-
incompatibility of both parents: synchronized bolting and flowering of the mbreds: minimal disease
and pest problems in the seed production plot; excellent isolation from possible contaminants:
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and good climate for optimum expression of incompatibility, reduced pressure from discases,
and full development of seeds. Any deviation from the above scheme will almost certainly lead
to @ high percentage of sibs (selfs) in the hybrid seed lot, far above the commercially aceepted
standard of hybridity  and production of poor quality seeds. For this reason, sced growers niust
pay close attention to a number of important factors which influence sibbing rate and seed quality.

Admixtures and off-types of parental lines: ldeally, the inbred parents should he
uniform, homozygous and pure. Inbreeding and bud pollination can cause, however, certain
biological disturbances such as heteroploids and other abnormalitics (lizuka 196() which
eventually impair the purity of inbred lines and contaminate the hybrid sced lot. When inbreds
are multiplied on a farge scale for eventual use in hybrid production, inadvertent mixtures,
contamination, and occasional spontancous genetic change may oceur.

In order that such aberrants do not contribute to the 1 hybrid sced lot, seed growers must
be adequately familiar with the general characteristics of inbred lines so that deviants from nornl
morphology can be eliminated as carly as the seedling stage, or in the seed production field
betore they flower and start to contribute polien grains to other flowering plants. The parental
fres in the seed production plots shoulbd be mspected several times to sure that off-types with
delayed character expression are rogued out tong before flowering ensoes. and until one is
reasonably sure that all off-types have been eliminated. Sone off=types can be recognized only
during extended vegetative growth. To effectively rogue out such off-types, 1t is neeessary 10
abserve the whole heading process of the lines. Only plants that are <ue-to-type are then
vernalized. Although an expensive procedure, this praciice is recommended to replenish the
foundation stocks of the parental lines. A common method to reduce the above-mentioned
problems is to minimize the frequency of inbred multiplication. This can be done only if good
seed storage faciiities are available.

Weak incomoatibility system: [deudly. hoth inbred stocks should have strong self-
meompatibility. Nonetheless, some hybrids in which one or both parents have less than the ideal
incompatibility strengih may be muoltiplicd. as long as the good combining ability of parents
offsets these limitations.

In the case where only one parent is strongly scll-incompatible, hybrid sceds are harvested
only from that strongly sclt-incompatible parent. However, this leads (o reduced productivity
and ultimately. to a higher seed cost.

The second case, i.e. neither perents are strongly self-incompatible, is difficult to overcome
and is rarely encountered since breeders often select for sirong incompatibility. This 1ype of
combination is generally not pursued exceptin special circumstances. To minimize the sib (self)
production, extra cfforts and attention must be given to insure that the peak pollination period
oceurs at an optimum temperature and humidity so that the self-incompatibitity expre isions of
both parents are ot their highest levels.

Row ratios of parent inbreds may also be modified o conform with the most ideal arrangement
(Fig. 32). i both parent lines carry strong self-incompatibility and cross-ferulity, they are normally
planted alternately (1:1 ratio). However, parent lines may differ in cross-fertility and pseudo-
fertility (open flower selting or sibbing). In this case the appropriate ratio witl kave to be carcfully
decided (often a responsibility of the breeder) and seed growers should follow the prescribed ratio.

As an example, a situation may be visualized wherein one line has a much stronger
incompatibility than the other tine. A modified ratio of two rows of the strongly incompatible
line to one fow of the weakly incompatible line may be possible. tn such an arrangement, honeybcee
foraging among elants of the weakly incompatible line would be minimized while at the same
time enhancing cross pollination in its direction. Bee activity among sib plants of the strongly
incompatible line will, of course, increase but the strength of incompatibitity should minimize
the sibbing percentage in the eventual hybrid seed lot.

Asynchrony of flowering: The parent inbred lines must flower at or about the same
time to maximize the pollen exchange between them. When the peak of flowering of parent lines
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Figure 32. Planting methods of two parental lines for hybrid seed
production in Chinese cabbage: (1) alternate line method
with 1:| ratio; (2) alternate plant method with |1 ratio;
and (3) alternate line method with seed plant:pollen plant
at 2:| ratio.

occurs at different periods, ne sibbing rate in the hybrid seed lot will tend to be high because
of the more frequent bee visitation between plants of the same line. This is especialiy true if
self-incompatibility of parent lines is not particularly strong.

The selection of inbred lines with sumilar bolting habits is essential in a hybrid program.
However, this is sometimes difficult to achieve since breeders are interested also in other traits.
If one line is more sensitive than the other, this fine should be sown later or should be given
a shorter period of artificial vernalization. The differences in sowing date and treatment period
between the two parents should be established from repeated experiments as natural cold conditions
do not remain static; mstead they fluctuate within certain limits. While adequate at times, this
synchronization methed is far from perfect,

Several techniques which could aid the synchronization of flowering between lines have
been studied in the past. These treatments, which could be applied if there is any likelihood
that parent lines will flower at different times, include GAj spraying to hasten bolting of the
late flowering stock, spraying with growth retardant (e.g. B-995 or Alar) to delay bolting of
the fast-flowering stock, application of high N level to enhance vegetative growth and to delay
bolting in the fast-flowering stock, and pruning ler “the fast-flowering stock to delay bolting
(All and Machade 1982, Hou 1981, Kahang Waithaka 1981, Piluck 1985, Suge and
Takahashi 1982, Thomas 1983).

While some of the above-mentioned treatments showed definite ¢ffects in small-scale
experiments, their commercial feasibility has not been tested. Morcover, the side effects of certain
chemizals on other traits, particuiarly incompatibility, have not been fully explored. Ultimately,
seed producers may resort to pinching off the carly-blooming flowers from the fast-flowering
line but this method is obviously labor-intensive. In radish. spraying with 150 ppm GAj or
continuous illumination with incandescent light at 250-5G0 lux is commercially applied in the
seedling nursery to promote flower stalk elongation i slow-balting parents. A similar effect
is expected in Chinese cabbage but awaits confirmation through research.

For the sume reason as above, the optimum period for planting seed production lots should
be determined for a particular locality. Iz some areas cold conditions may not be long enough,
whilc in others the optimum period for seed production may be more than sufficient. Ideally,
seed production should be done in the latter type of Jocatior. 1f seed production, by force of
circumstance, has to occur in critically subpar areas, seed growers must have a clear idea of
the best sowing time to minimize the problems of asynchronous flowering, breakdown of
incompatibility, etc. This information can only come from careful experimentation or, as so
often happens, through painful experience.

High incidence of softrot: Softrot is particularly singled out among the major discases
of Chinese cabbage because it can be a severe problem for seed production in the tropical and
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subtropical arcas. Itis reasonabic to assume that any future seed production of Chinese cabbage
in the tropies will have 1o contend with this discase.

In Taiwan thie plant intended for oper-field seed production are planted during part of the
warm season so that by the time of the fult onset ol the cold period., these plants are just about
at heading stage and reads o be prinesd for naturad verpadization. [ planted o carly. the crop
could be tar advanced m its heading process when conditions for natural vernatization become
suitable. When this hapoens, the heads could be split open and siripped of headed leaves 1o
facilitate the emergence of the voung growing point. fn this situation. however. softrot attack
is often debilitating. The methiod is also Taborious, Fo minimize these problems. it is better to
plant carly in the cool weason and expose the seedlings o progressively lower wmperatures.
Depending upon the cold conditions, these plants will generally by pass the heading stage wnd
go dircetly w the flowering wage atter some period of vernalization and growth. Altheugh seed
yield per plantis expectedly Tower than it mature plants are induced 10 seed. seed vield per
unit arca is higher because of the low solirot incidence.

AUAVRDC . where hybrid seeds are generally produced in Timited quantitios. cermimating
seeds or young seedlings of the inbred lines are vervalized artiticially m the cold chamber. The
softrotineidence nthis seed production scheme s practically ail, exceptin years when the weather
is unusually wet. This method s also advantageous i that cold tremtment is more definitive
than natural vernalization and can caaly be adjosted depending upon the response of parental
inbred lines. However, the amannt of inbred seeds required is generally high since one needs
to compensate for the resalting theifty growth of vernalized plants (especially if they origmated
via seed vernalization through high-density plantings. The application of seedlimg vernalization
method tor seed production in the tropies may be attractive. sinee problems of insutlicient cold
treatment, asynchronous flowering. softrot and other associated difficultios inay he avoided.
A stmiple houschold refrigeracor nuy be moditied for sernalization purposes,

In spite of the major problems associated with the sporophytic SEsystem (see previous
seetions), it ean be successtully applied for commercrd hybrid seed production of Chinese cabbage
under tropical and subtropical conditions. The availability of uniform and high-vielding hyhrid
varicties of Chinese cabbage tor the hot, humid tropies from AVRDC and private Turwanese
seed companties s evidenee of this stcvess.

Open-pollinated Seed Production

In the seed production of open-pollinated varicties. care should be ¢iven to maintain two
essential, but somewhat contradictory | features: identity and integral heterozygosity of the variety.
In order to maintain the identity of & varicty . a stiict selection of elite, true-to-type plants is
cmployed in breeder seed production. while caretul roguing to discard the off-tvpes is practiced
in commercial seed production. The number of selected plants used as parents. especially of
breeder seeds, should be large enough o curtail any undesirable genetic drift. Fifty or more
plants arc generally believed to be sufficient. although there is no definite information on the
critical number.

Adequate isolation from any forcign pollen sources of other cultivars and other Brassica
species should be provided to maintain the genetic purity of the new seedlot. The destruction
of any lowering Brassicas within 1000 m from the ficld is recommended for commercial seed
production, whereas a more strict and reliabie means, such as a sereenhouse, i required for
breeder seed production. Vigorous bee activity inside the sereenhouse or ficki o essential to
assure the heterozygous feature of the varicty and to maximize the seed vield.

Open-pollinated varietics are vsually more stringent in vernalization requirement than inbred
parents of I'y hybrid varicties. If they are not exposed to vernalization for a sufficient period,
they will vary greatly in flowering time so that panmictic pollination cannot occur among the
plants. Usually a prolonged vernalization at optimumn temperature minimizes such a probler.
In practice the specific vernatization requirenients of individual varieties have to be established.
It is also often necessary to discard extremely carly, as well as late, bolters in the field.
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Breeder seed production. The mass selection method is usually employed in the production
of breeder seeds of open-pollinated varieties. Seeds are initially grown in the ficld as in actual
market production of the variety. Elite plants sclected therefrom on the basis of vegetative
performance undergo the previously described head-to-seed production method. A selection rate
of 1095 10 20% by heading stage is usually practiced. although more selection often has to be
made at the later reproductive stage. Flowering elite plants are transplanted into a screenhouse
where appropriate insect pollinators are provided.

Where mass selection and head-to-seed is not practicable or is oo expensive, a similar
procedure can be employed in alternate generawons but with more intensive roguing.

Commercial seed production. Compirad to the positive and intensive selection of clite
plants in breeder seed production, a passive aid fess inensive roguing is practiced in commercial
seed production.

Breeder seeds are sown and vernalized by either naturan or artiticially fow teniperature,
depending upon the situation. In the temperate zone. direct sowing or transplanting s done when
the low temperature period i sl Tong enough 1o induce a full vernadization of the particular
variety, The subsequent warm temperatures ind increasing daylength of the spring seison provide
ideatl enviromments for flower stalk clongatian, flowering and seed set. As an alternative for
the tropics. seeatiags could be vernalized at high aititudes (Fig. 25) and then brought down
to the warmer conditions of the lorver elevations for flowering and seed production. This would
remove many problems of the seed-vernahization treatment such as low survivad rate and poor
plant vigor, and would ultimately increase seed vield pev unit area. However, this possibility
remains to he studied.

Continuous roguing has o be practived o discard off=types for vegetarive and reproductive
traits. Plants with aberrant boliing or flowering dates should be discarded. 1t is advisable o
remove extremely vigorous or weak plants. Very vigorous plants are often products of outerossing.
Whenever possible. roguing should be combined with thinning procedures.

At the bolting stage prior o flowering, a thorough inspection of the seed production site
is necessary in order to remove all possible sources of contaminating pollen.
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Glossary

Abscission: The process by which plant parts, such as leaves and flowers, are shed off.

Adaptation: The process by which individuals (or parts of individuals), populations, or species
change in form or function in such & way to better survive under given environmental
conditions; also the result of this process.

Atlele or allelomorph: Onc of a pair or series of forms of a gene which are alternative in
inheritance because they are situated at the same tocus in homologous chromosomes.

Allogamy: Cross-fertilization.

Amphidiploid. A polyploid whose cairomosome cor plement is made up of the eutire somatic
complements of its two parentai species.

Androecitmn: [Aale reproductive organs of @ nlant: stamens taken collectively.

Anther: The poilen-bearing portien of the stamen.

Anthesis: The process of dehiscence of the anthers: the period of pollen distribution: the period
of flowe o nening.

Antigen: A foreign substance. usually protein or protein-polysaccharide complex in nature,
which elicits the formation of specitic antibodies within an organism.

Autotrophic: Being seli~-nourishing, manufiacturing organic nutrients from inorganic raw
materiais.

Bac.ilius thuringiensis: A bacteriue thai causes discase in many inseets, espe sally caterpillars:
formulations of the bacteri are used as insecticides.

Backcross: In biceding, a cross of a hybrid to cither of its parents. In geneties, a cross of
a heterozygote to @ homezygous recessive.

Bolt: Production wnd clongation ! flower or seed stalks, (o initiate growih of flower structure.

Breeder seed: Sced (or vegetative propagating material) increased by the originating, or
sponsoring plant breeder or institution. and used as the stock seed for producing foundation
seed.

Bud pollination: The anificial pollination done before the natural opening of the female flower.
Usually pollens taken from nuturally opened tlowers are manually nlaced on the surface of
stigmas of the forcibly opened flower buds.

Callose: An amorphous polysaccharide which gives glucose on hydrolysis, usually formed on
sieve plates or pollen grain walle. Callose exhibits fluorescence after fabelling with fluorescent
compounds, which usually characterizes pollen tubes yrom neighboring tissues.

Campylotropous: (Of ovule: curved over so that funicle appears to be attached to the side,
halfway between the chalaza and micropyle.

Character: The cxpression of o gene as revealed in the phenotype.

Codominance: Two alleles in i Tocus being equatly dominant so that both alleles show their
effect.

Combining ability: General, average performance of a sirain in a series of crosses. Specific.
deviation of performance of a given cross from that predicted on the basis of the general
combining ability.

Composite: A mixture of genotypes from several sources, maintained by open pollination.

Conduplicate: State of two cotyledons being folded to embrace the radicle.

Cotyledons: Leaves formed within the .o+ and present on scedlings immediately arie
germination; seed leaves.

Crucifer: A plant ir the family Cruciferac also called the mustard family, which includes the
Chinese cabbage.
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Cuticle: A layer of waxy material, cutin, on the outer wall of the epidermis of epidermal cell
walls in plants, making them fairly impermeable 1o water.,

Diallel cross, complete: The crossing in all possible combinations among a series of genotypes,

Dioecy (dioecious): Hybridity mechanism in which staminate and pistillate flowers oceur
exclusively on different individuals of the same species.

Diploid: Having two sets (genomes) of chromosomes; chromosome number of 2n. as in zygote.
Somatic or body tissuc is normally diploid in contrast to haploid germ cells.

Dominance: Intraallelic interaction such that one allele manifests itselt more or less. when
heterozygous, over its alternative allele,

vormancy: A state of mactivity or prolonged rest.

Egg: The female pamete or germ cell.

Emasculation: Physical removal of the anthers from a bud or flower before pollen is shed.
Itis a normal preliminary step in crossing to prevent self-pollination,

Embryo: The rudimentary plant in a seed: the developing product of fertitization of an cgp
(zygote).

Endosperm: Triploid tissue which avises from the triple fusion of a sperm nucleus with two
polar nuclei of the embryo sac. In seeds of certain species., the endospern persists is i storage
tissue and is used in the growth of the embryo and by the seedling during germplasm.

Epiphytotics: Of. pertaining to. or characterizing a sudden or abnormally destructive outbreak
ol a plant discase, usually over an extended geographical area.

Family: A group of individuals directly rekated by deseent from @ commnion ancestor.

Fertility restoring genes: Nuclear genes that act o restore fertility in plants with male-sterile
eytoplasm,

Fertilization: Union of an cgg and a sperm (gametes) o form Zygole.

Field capacity: The moisture level in soil after saturation and runoff.

Foundation seed: Sced stocks increased from breeder seed. and so handled as to closely
maintain the genetic identity and purity of a variety. Foundation seed is the souree of certified
seed, cither direely or trrough registered seed.

Gamete: A mature reproductive cell (e.g. pollen and ceg celh), capable of fusing with a cell
of similar origin but of opposite sex o give a zypote,

Gametogenesis: The formation of male and female gametes, or what are called “sex cells.
Gametophytic self-incompatibility: Self-incompatibility system in which  phenotypic
expression of S-gene is determined by the allele of the very pollen or cgg e question,
Gene: The unit of inheritance which is located on the chromosome: by interaction with other

genes, the eytoplasm. and the environment, it affects or controls the development of a character.

Genome: A sct of chromosomes corresponding to the haploid set « i a species.

Genotype: The genetic makeup of an organism — the sum total of its genes, both dominant
and recessive: a group of arganisms with the same genctic mike-up.

Gibberellins: A vroup of plant hormones., the most characteristic effect of which is to increase
the clongation o stems in o number of kinds of higher plants.

Haploid: Having i single set (zenome) of chromosomes in a cell or an individual: the reduced
number (n), as ina gamete.

Heritability: Cupubility of being mhcerited: the portion of the observed variance in a progeny
that 1s inherited.

Hertability, narrow sense: Heritability estimated from the additive portion of the genetic
varinee.

Heteroploid: Pertaining (o chromosome numbers deviating from the normal number of the
diplophise of o given species.

Heterosis (hybrid vigor): Hybrid vigor such that an Fy hybrid falls outside the range of the
parents with respeet 1o some character or characters. Usually applied to size. rate of growth,
or general thriftiness.

Heterozygo "s: Having unlike alleles at one or more genetic loci in homologous chromosomes
(opposite of homozygous).

Heteiotrophic: Of an organism or plant requiring a supply of food from its environment.



Glowsary 83

Homomorphic: The condition of having perfect owers of only one tvpe,

Homozygous: Having tdentical alleles at corresponding loci on homologous chromosomes.
A plant can be homozygous at one. several, or all loct. (opposite of heterozvgous).

Hybrid: The product of a cross between two parents ditfering ina feast one Mendcehan character,

Hybridization: (a) the crossing of individuals of unlike genctic constitution; (hy a methed of
breeding new varieties which utilizes crossing to obtain genetic recombination.

Inbred line: A pure line usually originating b self-pollination ot several generiions and
selection; the product of inbreeding.

Inbreeding: The mating of individuals more closely refated than individuals mating at random,
usually by self-pollination

incompatibility: Hybridity mechanismin wiich there is tailure in fertilization and seed formation
after self-pollination, usually duce o tature of pollen wbe o pencteate the stignia. or 1o reduced
growth of the pollen tibe in the sty lar tissae.

Infection: The entry of a pathogen into a host and establistunent of the pathoeen as a parasit.
in the host,

Inflorescence: A flower <luster. the arrangement and mode of development of the flowers
on a floral axis.

Juvenile self-compatibility: Ability ol voune buds i seli” imcompaaible planis to produce selfed
seeds.

Larva: The mmature form of an insect, such as acaterpillar, that hatches from an egg and
passes through o pupal s@age betore becomimg wn aduit.

Lepidoptera: The ordesr of inscats that includes huitertlios and moths.

Locule: A cavity of the ovary i which ovules reside

Male-sterility: Absence or nonfancuon of pollen in tlowering plants.

Male sterility, genctic: Muale sterihity resudting from action ot specific genes

Male sterility. cytoplasmic: Mule sterthty resultmg from specific evtoplasmic-genic inter-
actions,

Mase selection: A torm of selection i which indioiduad planes are selected from a souree
population and the neat generation propagated from ihe agercoate of their seeds.,

Monoecy (monoecious): Hyvbridity mechanien in which staminate and pistillate flowers are
borne separately on the same plant.

Multiple alfeles: A ~eries of allefes. or alternative forms, ot aeene. A normal heterozy gous
diploid plant would bear only two genes of an allelic series. Muluple alleles arise by repeated
mutaizsas of o gene, cach mutant giving diftferent eftects,

Nectary: A nectar-secreting gland which s often Jocated near or in flowers.

Open-pollination: Nutural cross pollination

Ovary: The enlarged basal portion of the pistil in which the sceds wre borne.

Ovule: The structure which bears the female caniete and becomes the seed after fertilization.

Panmixia: Random mating voihout restriction cusudly extends o include random mating under
the restrictions of sex or imcompatibility)

Papilla: A glandular . uni- or nerivicelular hair on the stugma, which has relevance to the self-
incompatbility reaction.

Pedicel: The stem ot an individuai flower or fruir,

Phenotype: Physical or external appearance of an organisin s contrasted with its genetic
constitution (genotype): i group of organisims with simifar physical or external makeup.
Photoperiod: Length of day or period of danly illumination which is related to flowering or

normal growth of a plant,

Phyllotaxis: The arrangement of leaves on an asis or stem.

Pistil: The seed-bearing organ in the flower, composed of the ovary. the style. and the stigma.

Pollen grain: The male gametophyte, originating from a microspore.

Pollen tube: A wbe developing from the germinating pollen grain. The sperm cells pass through
the pollen tube o reach the ovuice.

Pollination: Transfer of pollen from the anther o a stigma. Sel-pollination is the transfer of
pollen from an anther to the stigma of the same flower or another flower on the same
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plant. Cro-s-pollinution is the transfer of pollen from an anther on one plant to a stigma in
a flower oa u different or gencetically remoie plant.

Palycross: Cpen pollination of & group of genotypes (enerally selected) insolation from other
compatible genotypes in such a way as to promote random mating fnter se,

Pelygenes: Many penes influencing the development of a single trait; resulting in continueus,
variability.

Polyphyllous: State of having many lcaves.

Population: A group of closely related, interbreeding plants.

Progeny test: A progeny. or groups of progenies, grown for the purpose oF evithnating the
genotype of the parent.

Protandry: Hybridity -nechansm in which anthers matmre b ore pistils.

Protogyny: Maturation of pistils before anthers,

Pseudo-self-compatibility: atial weed setting following seli Hllination in an otherwise self-
meompatible plant,

Rure line: A strain in which alt members are identical 1o one o ther and homos cgous in ail
toci A pure dine is generadly obtained by suceessive self Tervhzation,

Raceme: An inflorescence in which the main anis is clongated but the Howers are borne on
pediceis that are approvinely of equal length,

Recessive: The member of an allelic pair which is not expressed when the other (dominant)
member occupies the homologous loci of the paired chiromosome

Recombination: Fornmation af new combination. o senes as wresult ol SERTCEALION 1 Crosses
between genctically different puients. deo ibe remrangemont of hnked genes due 1o
CTOSSINE-0OVLT.

Recurrent selection. .1 n:othod of breeding designed to coneentrite favarable genes scatered
among a number ofindividuals by selecting i cach generation among the progeny produced
by miatmgs infer se ol the selected individuals (or their selted progeny) ol the previous
generation I two ditterent populations under selection are mutually used as testers for the
other population in the progeny test, the system s called reciprocal recurrent selection”,

Replum: A wall formed by ingrowths from the placenta and dividing o fruit into sections at
dehiseence.

Registered seed: The progeny of breeder or foundation seed and so haadled as 1o closely
maintain the genetic identity and purity of aovaricts Registered seed is the souree of certified
seed. Registered seed must be approved and cerits by an official seed certification agencey.

Rogue: A varution from the sandard tvpe of a variets - train. Roguing. removal of undesirable
imdividuals to parify the stock,

Rosette: A cluster of leaves radiating out from the main stem on short. overlapping stalks.

S1, S2, ... etc.: Symbols 1o sertally designate seli-incompatible alleles.

Seed: A mature fertilized ovule with its norinal covermgs. A seed consists of the seed coat,
cmbryo. and, in certain plants. an endosperm.

S-gene: The gene conferring the trait of selt-incompatibility.

S-proteins: Plant protein associated with sclf-incompatibility activation.

Selection: Any process. natural e artificial, which permits an increase in the proportion of
CCrtain genotypes or groups of genotypes in succeeding generations.

Self-incompatibility: Genetically controlled physiological hindrance to complete fertilization
and seed development atter self-pollination of & functional hermaphrodite.

Senile self-compatibility: Ability in aged flowers of self incompatible plants to produce selfed
seeds.

Septum: A separating partition, as in {Tuits.

Shattering: The fortuitous loss of seed from a plant before harvest.

Sibs, full: Progenies of the same male and female parents derived from different gametes; half
sibs, progenies with one parent in common.

Sibbing (Sib mating): The mating between sibs.

Side-dressing: Fertilizer added to the soil around the base of a Lrowing crop.

Silique: The fruit characteristic of Cruciferae: two-celled, the valves splitting from the bottom
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and leaving the placentae with the fulse partition stretched between.

Sporophytic self-incompatibility: A sell-incompatibility system in which the phenotypic
expression of an S-gene is determined by the genotvpe of the plants from which the pollens
or cggs are derived.

Stamen: Tne polien-beartng organ in the flower: composed ol an anther and a filament.

Stigma: The portnon of the pistl which receives the pollen.

Strain: A gioup of individuals from i common ozigin. Generally a more nirrowly defined group
than o varicty.

Style: The stalk connecting the ovary and the stigmi,

synergism: The action of two or more substances, or oreanisms to achieve an effect of which
cach is wndividually incapable to do or achieve.

Synthetic variety: A variety produced by crossing fnrer se o number of genotypes selected
for good combining ability in all possible hyvbrid combmations. with subsequent maintenance
of the variety by open pothnation,

Tap root: Tiic primary descending root. torming the direct continuation from the radicle.

Taxon: A gencral term for any tionomic rank. from subspecitic o divisional level

Testcross: A cross of ahybrid with one ob ity parents, ¢ to a genetically equivalent homozy gous
recesy™ v test for homozygosity. In breeding. testeross niay also refer to crossing i selected
indiviaual with atester stock, eogsinbred Tine, variety . ete. . to determine the breeding value
of that individual (see also topeross).

Tetradynamous: Pcrtains to the male orean structure i the flower havine four long anthers
and two short ones.

Thorax: The second of three major divisions i the body of anansect, the one bewomg the legs
and wings.,

Topcross: A cross hetween a sdlection, line, clone. ete.. and & common polien parent which
may be a variets. inbred line. single cross, ete. The common polien parent is called the
LOPLTOSS OF (ester parent (see also testerossy,

Trait: A distinetive definable charactenisticr the mark of an individual plant.

Trinucleate pollen: Pollen haying two reproductive and one vegetative nucleus when released
from the anther.

True leaf: Any lea! produced alter the cotyledons.

Vector: Any kand of arent. usually an insect, that carries and transmits discase-causing organisms,

Vegetative growth: Growth of stems. roots. and leaves, not of flowers and fruits.

Vernalization: The treatiient of seeds betore sowing or plants after sovong to hasten flowering
by exposure o temperatures shghtly above (reezimg.

Zygote: A dipioid cell formaed by the fusion of two haploid gametes during fertilization and
asaally centaining two complete genomes: alse the individual derved from it
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Appendix

Procedures for Small-scale Artificially Vernalized
Seed Production of Chinese Cabbage
Hybrid No. 62

Sowing of the fute-flowermy parental hine, B IS

Germinate B IS seeds onomoistened tilter paper in 9-con 1D petri dish at 50 seeds/dish.
Keep in room temperature tor about 24 30 howes I is recommiended to place petri dishes
upper cover down m aslanted posttion with a stope ol abeat 15° This reduces the frequeney
of watering and helps the plants develop @ neat arrangement of growing roots.

Vermahzaton ot B-18

Two days atter sowing of B- 18, transfer the petrt dishes 1o 30 1o 107°C cold room with
continuous artificial dun Light. Water regularhy with distilied water.

Sowing of the carlv-tlowering parental line, -7

Seven davs after somng of BAIRD sow seeds of 17 folloving the same manner as for
B-18. Keep in room temperatire tor about 24-30 hours,

Vernalizaton of -7

Eight daye after sowing oi B-18. transfer petri dishes with E-7 10 5°-10°C cold room
with continuous artificial dim hight,

Pricking

Fourweeks after sowing of B-18. take petrn dishes (B-18 and i£-7) out of the cold room
and keep them i a lighted room at room temperature tor S-6 hours, Before pricking water
antil seedlings and tilter paper are thoroughly moistened i order to avoid root damage when
detaching the seedlings from the filter paper. Prick m flats cwith spacing of about 7 em between
ross and beeween planis) or small pots and keep under partially shaded arca until seedlings
are Tully recovered. Cover the fats or pots with fine mesh sereen (nvlon net) to decerease
insect damage and intense sunlight during the carly stage Hf erowth, Water periodically of-3
tinies @ dayv) o mintam optimum moisture,

Transplanting

Three o four weeks after pricking. transplant seedlings to an isoluted field, inside nethouse
or in mediume-sized clay pots containing sotl:sand:compostand rice hull ata ratio of 5:1:3:1.
Transplanting date depeids on the vigor of seedlings. A spacing of 50-60 ¢ between rows
and 20-30 em between hills is recommended. The application of compost. fime ana borax
in addition to NPK is recommended as basal-applicd fertihzers under most soil conditions,
The suggested rate of NPK application is about one-third to one-half of that needed for head
production. Sidedressings, with small amounts of NPK at bolting and flowering stage, are
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desirable. At AVRDC we split the application several times (mostly once every two weeks
after transplanting through the time of bee release). Ficld arrangement of two parents in a
1:1 ratio is recommended.

Pinching and cnclosing

Three weeks after transplanting, pinch the terminal buds of the main flower stalks (o
encourzge more and vigorous lateral flower stalk formation. Enclose plots with insect cages
if plants have been growing in a nonisolated, open field.

Bee politnation

About ten days after pinching and enclosing. if both parental lines flower synchronously
and protusely for pollination, honey bees can be released in the cage. Inocaged pollination
the asynchronous flowering problem may be conirolled by delaying the introduction of honey
bees and/or by eventual removal of old flowers/setting pods from the carly flowering parent.
Once flowering time of both parental lines is properly synchronized, the normal procedures
listed above may be followed. Asynchronous flowering under open-field conditions is much
maore difficult to handle and requires greattobor expense. Thus., it is essential that flowering
of the two parents in the field is properly matched. Close the bee box for one day and two
nights before finaily releasing the bees o avoid any possible pollen contamination. Pinch
off all old flowers and setting pods betfore bee introduction. Ensure that flowering branches
do not rest against the wall of the cages accause honey bees outside sometimes forage such
flowers leading 1o contamination. At this stage careful attention should be paid to minimize
contamination, The cleaning of hands and clothes olany person eniering the cage is required.
Under open-field conditions, removal of flowering cruciices nearby is mandatory. Any
flowering Chinese cabbage plant within 1.000 m radius from the seed-production field must
be removed.

Bee removal

Three to four weeks after bee pollination, when fowering is almost over in one of two
parental lines, remove the bees from the cage. Five days after the removal of bees, remove
all late-blooming flowers of both parental lines

10. Harvesting

All flowers which had bloomed and had been po!linatea before bee removal will develop
small siliques within five days. When about 80%: of the siliques hive turned brown yellow,
reap two parental lines scparately at the bottons, Dry the harvested plants about five days
under the sun, then thresh and clean the seeds. If Gata collection is needed on seed production,
take 20 random plants of cach parental line. Count the number of sliques/plant, the number
of sceds/silique, the seed weight/plant, ete.

I. Processing
Threshed seeds must be dried again until the moisture content is 1educed to about 7%.
Sun-drying is better than forced-air drying. If the Istter is used, air temperature should not
be higher than 40°C. For long-term storage. it is recommended that secds contain 6% or
less moisture.,
2. Sibbing rate test

Take a random sample of 500 seeds harvestzd from each parental line and sow in the
flats, at 2 seeds per hill, with a spacing of 5 cm tetween rows and hills. Count selfs or sibs
based on the ger .~ morphology of seedlings (or plants) arising from seeds harvested from
E-7. This method requires a great deal of experience. In order to facilitate this test, it is
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recommended that a few E-7 plants be available for comparison, preferably at a similar
growthstage as scedlings or plants from the “hybrid® seed lot. With seeds harvested from
B-18. any hairless plant can be counted as sib- or selfed-plants. Hairiness is a single dominant
gene. E-7 is i homozygous, hairy plant. whereas, B-18 is hairless. Sowing pareatal lines
along with the hybrid seed lotis recommended for the comparison of general morphology .

I seeds from both parental lines prove to have high purity (994 10 10047 hybrid), blending
of the two seedlots is possible since. based on previous studies at AVRDC they are not very
different from cach other in most horticultural traits.
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Juvenile compatibility 24, 61
Leat 9

Male sterility, cytoplasmic 33, 51
Male sterility, penic 32, 51

Off-types 57, 58, 62, 66

Open-pollinated varicties
52, 53, 56, 68, 0Y

Qutcrossing 19, 44, 69

19, 37, 44, 47, 48,

Peronospora parasitica see Discases: downy
mildew

Photoperiod 12, 15, 55

Physiological disorders 36, 16,

Plasmodiophora hrassicae see Discases;
clubroot

Plutella aylosiella see Tnsect pests, diamond-
back moth

Pollen storage 40

Pollinators see Insect pollinators

Progeny testing (testeross) 28, 44, 48, 50, 53

Pseudo self-compatibility - 24, 26, 61, 64

Radish see Raphanues sativies

Raphanus sarivas 1, 2, 24, 25, 32

Relative humidity, cffect on reproduction and
development 1o, 17, 24, S8

Root §

Salt solution, effect on self-incompatibility 25,
61, 63, 64
S-allele  22-26, 28, 31, 32, 40, 51
Sclerotinia sclerotium see Discases; Sclerotinia
rot
Seed 10, 1o, 17
Seed-to-seed, method of sced production 38
Sibbing (sibs) 28, 29, 53, 62, 606, 67
Selection rate (intensity) 48, 58, 69
Self-incompatibility
alleles see S-allele
detection 26, 31
effect of chemical treatment 25, 61, 63

effect of gas environment 24, 61, 63
etffect of temperature see Temperature
genetic control - 19, 20, 25
codominance 26, 3
dominance 26, 31
gametophytic system 19, 25
sporophytic systein 20, 28
isolation of S-allele homorzygotes  28-32
S-specific protein (S-glycoproteiny 22-24
self-fertitity 24, 250 31, 32
self-recogmtion 20, 21, 24
surmounting incompatibility barrier 24, 23,
61-63
Setf-pollination (selfing)
41, 44050, 53, 02
Sentle compatibility 24
Silique 10, 16
Stem 9
Storage. of seeds 60, 61
Synthetic varietios b, 52

19, 21-24, 23, 40,

Temperature, effects on
Hlowering (bolting) 12, 16, 36
heading process (head formation) 11, 36
pollen germination and growth 17
seed dormaney and germination 17
seed production 17
seedling emergence 11
self-incompatibility 24
vernalization  13-15
Temperature, interaction with photoperiod 15

Vernalization see also Flower & floweiing
and Temperature, effects on

green plant vernalization 15, 58
interaction with photoperiod 15
promotive effect on flowering 12, 13; 55
scedhing (seed) vernalizationn 15, 59, 68, 69
sensitivity of Chinese cabbage 14, 67
temperature (chilling) requirements  13-15

Xanthomonas campestriy see Discases; black
rot



